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Section 1 
INTRODUCTION AND OBJECTIVE 
1.1 INTRODUCTION 
The objective of this project is to investigate the level of induced and/or 
transferred voltages and currents to an electric power system from (1) geomagnetic 
disturbances due to MHD-EMP and (2) GIC due to solar storms, SS-GIC. Subsequently, 
a comparison of the effects of MHD-EMP and SS-GIC have been performed. 
MHD-EMP is an electromagnetic pulse with very low amplitude which results from 
geomagnetic disturbances caused by high altitude nuclear detonation. The electric 
field magnitude is on the order of 100 V/km, low frequency and lasts for several 
minutes. Similar geomagnetic disturbances are caused by solar storms and result in 
electric field magnitudes on the order of 10 V/km, low frequency and last from 
minutes to an hour. Both phenomena cause the flow of almost DC current in the 
windings of power transformers through the grounding system. Because of the 
nonlinear magnetization characteristics of the power transformers, the flow of the 
low frequency electric currents may cause serious secondary results, such as high 
magnetization currents due to saturation, abnormal reactive power requirements, and 
disruption of operation. Presently, it is not clear which disturbance (the high 
magnitude short duration MHD-EMP or the low magnitude long duration SS-GIC) is the 
most severe to a power system. A system approach has been adopted to address these 
problems, and to determine at what level saturation is reached. 
The objectives of the project have been attained with a two step procedure: In the 
first step a model of an electric power transmission line including grounding and 
MHD-EMP or solar storm coupling has been developed. The basic methodology utilized 
for this step is described in Sections 2 and 3. Since the coupling of MHD-EMP or 
solar storm induced voltages to power lines is mainly through the line grounding 
system, it is important to accurately model the power line tower grounding as well 
as the terminal substation grounding system. For this purpose, the EPRI grounding 
models developed by Georgia Tech have been utilized. The form of the transmission 
line model is in terms of a multiple input-multiple output linear system. 
The second step involves integration of the model developed in the first step into 
the EPRI computer model ADCFLT. This computer model is a time domain model similar 
to the EMTP. It allows modeling of an integrated power system, power system 
grounding, and the nonlinear magnetization characteristics of power transformers. 
Using this model, system studies have been performed to determine transformer 
magnetization currents and reactive power requirements. Of special importance 
is the degree of saturation of power transformers due to these phenomena. This 
information can be utilized to analyze transformer performance such as eddy losses 
in steel members, conductors, and leads. A test system has been utilized provided 
by Minnesota Power Company. 
1.2 REPORT OUTLINE AND MAJOR CONCLUSIONS 
(to be added) 
Section 2 
DESIGN WAVEFORMS FOR SOLAR-STORM GEC4AGNETICALLY INDUCED 
CURRENTS (SS-GIC) AND FOR MAGNETOHYDRODYNAMIC 
ELECTROMAGNETIC PULSES (MHD-EMP) 
2.1 INTRODUCTION 
Electric currents that flow in the molten core of the earth cause its dipole-like 
magnetic field. The magnetic field of the earth interacts with the interplanetary 
magnetic field which is actually an extension of the magnetic field of the sun due 
to the solar wind. The solar wind consists of charged particles, mainly electrons 
and protons (hydrogen ions), emitted from the surface of the sun. Thus, the solar 
wind acts like an extension of the magnetic field of the sun and interacts with the 
earth's magnetic field in a complex manner creating the earth's magnetosphere. 
In addition, interactions of the earth's magnetic field and the solar wind give rise 
to a vast magnetohydrodynamic generator that converts the kinetic energy of the 
solar-wind particles in electric energy which powers the auroral currents or auroral 
electrojets [1,2]. These currents usually follow circular or elliptical paths 
around the geomagnetic poles at altitudes of 100 kilometers or more and produce 
fluctuations in the earth's magnetic field that are termed geomagnetic storms. 
The strength of the geomagnetic storms is strongly related with solar phenomena that 
affect the solar wind. These phenomena are the solar flares, the coronal holes, and 
the disappearing filaments. The severity of the geomagnetic storms strongly depends 
on the intensity of the above mentioned solar effects. Large solar storms can 
produce large variations of the auroral electrojets which produce large variations 
of the geomagnetic field on the earth's surface. The earth as a conducting sphere 
experiences, or portions of it experience, these time varying magnetic fields. 
Varying magnetic fields induce electric potential gradients which are called earth-
surface-potentials (ESP). The earth-surface-potentials can obtain values in the 
range between 1 and 10 volts/km depending on the severity of the geomagnetic storm 
and the earth's conductivity [3,4]. The electric power systems are exposed to ESP 
through the grounding grid. Since the ESP has frequency of one to a few millihertz 
the resulting geomagnetically-induced-currents (GIC) can be considered quasi-direct 
currents compared to 50 Hz or 60 Hz of the electrical power system frequency. 
Geomagnetic field variations caused by magnetosphere phenomena will result in an 
induced ESP orthogonal to the field changes. Usually, an idealized east-west 
auroral current will cause field variations in the north-south component of the 
earth's magnetic field, resulting in an east-west induced ESP. Thus, transmission 
lines in the east-west direction are more susceptible to large ESP than transmission 
lines in the north-south direction. However, the auroral currents are not ideally 
east-west and consequently large ESP can be observed in any direction. Several 
analytical methods have been developed to estimate the induced ESP based on 
different modeling of the auroral currents and the earth's conductivity. Due to the 
complexity of the geomagnetic phenomena all these models are approximate and direct 
measurements of the geomagnetic fields seems to be the best choice. 
Geomagnetic disturbances and associated induced earth currents can also originate 
from the explosion of nuclear bombs at high altitude above the earth's surface 
[5-7]. These explosions result in transient electromagnetic pulses (EMP) which can 
affect the operation of the power and communications systems. There are two basic 
types of electromagnetic pulses due to nuclear explosions. The one is the high 
altitude quick pulse (TEMP) (Tachy-EMP), and the other is the much slower 
magnetohydrodynamic EMP (MHD-EMP). For this report, only the slow MHD-EMP is of 
interest since its effect to power system operation is very similar to solar-storm 
geomagnetically induced currents. Two similar but different magnetic disturbances 
give rise to the MHD-EMP. The first is called magnetic bubble EMP (HEMP) [8]. The 
second is called Atmospheric heave EMP (HEMP) [8]. Due to the nuclear explosion a 
magnetohydrodynamic bubble of ionized conducting debris is formed and expands 
rapidly. Initially the geomagnetic flux inside the bubble is very small. If the 
shell of the magnetic bubble were nonconducting, the expansion of the bubble would 
simply enclose more magnetic flux of the geomagnetic field. However, since the 
bubble is conducting, currents are induced on the shell which counteract the earth's 
magnetic field. Thus, even if the bubble increases in volume the geomagnetic flux 
that encloses remains as small as it was initially. This effect results in a 
compression of the geomagnetic field around the bubble. These changes of the 
geomagnetic field can induce electric fields in the earth which can reach a maximum 
magnitude of 0.1 V/m with periods from 2 to 100 seconds [8]. This pulse occurs at 
about 2 to 5 seconds after the nuclear explosion. The second component of the 
MHD-EMP, the atmospheric heave EMP, occurs more than 10 seconds after the explosion. 
This pulse is caused by the atmospheric heave of the bomb-heated ionized air across 
the geomagnetic field. This ionization forms current loops which have mirror images 
in the earth. These perturbations of the geomagnetic field extend out more than 
1250 miles from the source point and last approximately 100 sec. The induced 
electric fields and frequencies are very low between 0.001-0.03 V/m and -0.01 Hz. 
Several analytical methods have been developed mainly for the study of the fast 
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EMP and comparisons of it with the lightning [9-12]. However, there is not much 
available information for theoretical modeling of MED-EMP. Most of the analytical 
studies for the evaluation of the effects of MHD-EMP on power systems are based on 
measurements of the induced electric field [5,6], or by assuming plane wave 
excitation [13,14]. 
In the following subsections, the most common methods used for the evaluation of the 
ESP due to SS-GIC or MHD-EMP are reviewed. In addition, sample tables of measured 
data are given to be used as design ESP waveforms for the calculation of the effect 
of SS-GIC and MED-EMP on power systems, and for evaluation of several methods 
proposed for the alleviation of these effects. 
2.2 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE TO 
SOLAR-STORM GEOMAGNETICALLY INDUCED CURRENTS 
Several analytical models have been used for the evaluation of the induced electric 
field on the surface of the earth due to the variations of the geomagnetic field. 
These models differ in the representation of the auroral currents and the conduc-
tivity of the earth. The auroral currents are known to be at altitudes between 
100 to 300 km above the earth's surface. These currents can be modeled like current 
line sources or current sheet sources of infinite extend above a flat earth's 
surface. However, the auroral currents have such a spatial extension that they can 
not be considered either a current line or a current sheet. The above assumptions 
though give some estimate of the induced electric field on the earth's surface. 
Specifically, the current line model gives a lower limit while the current sheet 
model gives an upper limit of the induced electric field. Sometimes the auroral 
currents are assumed to be at an infinite distance from the ground. In this case, 
the geomagnetic field is modeled as a plane electromagnetic wave. The conductivity 
of the earth is also difficult to model due to the large variety and inhomogeneity 
of the earth's surface from place to place. The simplest model assumes a flat earth 
surface with a uniform effective conductivity. More sophisticated earth models 
divide the earth's surface in multiple layers, each one having a different 
conductivity. 
The simplest method for modeling the auroral currents is the plane electromagnetic 
wave model [15]. The earth is modeled as a horizontally stratified medium of one or 
more layers of differing conductivities. The incident geomagnetic field is assumed 
to be a linearly polarized, monochromatic plane wave. The electric field on the 
surface of the earth is computed with usual electromagnetic analysis methods. 
In addition, using this technique the surface impedance of the earth, Z s , can be 
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computed, where Zs = Ex/Hy (Ex/Hy are the horizontal components of the electric and 
magnetic field on the earth's surface, respectively). This is useful since from 
measurement of the magnetic field, the induced electric field can be estimated. 
Another widely used technique models the auroral currents as an infinite horizontal 
current sheet at a height h above the horizontally also stratified earth of one or 
more layers [15-19]. To solve the problem, the electric and magnetic Hertz vectors 
are commonly used. For the described geometry, these vectors have only one 
component which is perpendicular to the earth's surface and to the auroral current 
sheet. Using the vector Hertz potentials and Maxwell's equations along with the 
corresponding boundary conditions, the electric field on the earth's surface can be 
found. This field is a function of (1) the magnitudes along the two horizontal 
directions of the current sheet (j x  ,jy  ), (2) the radian frequency w of the auroral 
current, (3) the spatial wave numbers of the spectral components of the auroral 
currents, (4) the altitude h of the auroral current, and (5) the characteristics of 
the earth. Even if the described analysis considered a single spectral component, 
there is no loss of generality since by Fourier synthesis any time-dependent source 
current can be written as a linear combination of its spectral components. 
Consequently, the resulting induced electric field will be a linear combination of 
the fields due to the different spectral components. As it was mentioned earlier, 
the current sheet method overestimates the induced electric field on the earth's 
surface. 
The auroral currents can also be modeled as a line current source parallel to the 
earth's surface at an altitude h [15,18,20,21]. Usually, the line is positioned 
in the east-west direction and is assumed positive in the westward direction. 
Earth's surface is modeled like a horizontally stratified medium. The general 
methodology used for the solution of these problems is based on Price's analysis 
[22]. This analysis assumes slow variations of the geomagnetic fields. 
As a result, the second time derivatives in the wave equation are neglected. 
This assumption permits solutions of the magnetic field expressed in terms of the 
gradient of a scalar magnetic potential for the region above the earth, while the 
electric field solutions are expressed in terms of the time derivative of a vector 
magnetic potential for the earth region. An equivalent procedure consists of 
expressing the electric field as E 
• 
= e
jwtG(z)F(x,y), where G and F
▪ 
 have to be 
determined for each region from the wave equation and the boundary conditions of 
the problem [(x,y) correspond to the horizontal plane while z is the perpendicular 
coordinate]. Using this procedure the resulting electric and magnetic fields on the 
earth's surface are calculated as functions of the following parameters: (1) the 
magnitude of the auroral current, (2) the radian frequency of the auroral current, 
(3) the altitude h of the auroral current, (4) the difference in latitude between 
the auroral current and the point for which the calculations are made, and (5) the 
surface impedance of the earth Zs [23] which depends on the earth's parameters and 
modeling. Usually, since the magnitude of the auroral currents is not known, an 
estimate of J = 105A is used. As it was mentioned previously this method under-
estimates the induced electric field on the earth's surface due to the modeling of 
the auroral currents as a horizontal line current. 
In the described models the auroral currents are modeled as uniform or sinusoidal 
distributions. However, none of these assumptions is very accurate. More sophis-
ticated studies include Gaussian modeling of the electrojet [24,25]. In addition, 
Hibbs et al. have studied nonsymmetric auroral currents distributions [26]. 
Independently of the used model, the complexity of the physical effect of the 
auroral electrojet is difficult to represent. In addition, all the described models 
assume sinusoidal auroral currents. However, if the spectral content of the auroral 
currents was known, these models along with the superposition principle could be 
used for the calculation of the induced electric field. Since the spectral content 
of the auroral currents is not known and, in addition, is varying with time, the 
geomagnetic field is usually measured in several positions in the areas of interest 
using magnetometers. By measuring the magnetic field, the induced electric field 
can be roughly estimated using the plane wave assumption from [4] 
E( t) = - 1r .IC17 1) du , 
1/2 J 	1/2 (Iv
o
a) 	0 u 
(2-1) 
where E(t) is the horizontal component of the induced electric field, y
o 
is the 
permeability of the freespace, a is the conductivity of the earth, and g is the time 
derivative of the horizontal component of the magnetic field. If the measured data 
are used, the derivative g can be computed numerically and the integral can be 
approximated using the extended Simpson's rule [27] by the following formula 
f1/2 	D1/2 {3 
c 
3 
g(t)+g(t-D)+ IF 	(1+a 4 ) 
J  
0 u 	 j=1 	(j+1)
1/2 I 
(2-2) 
where D is the data time interval and aj = 0 when j is even and a j = 1 when j is 
odd; L is the total number of data points that are considered for the calculation 
of E(t). Using the data measured during May 12-13, 1989, at magnetic Observatory 
Furstenfeldbruck (Figure 2-1, Table 2-1, and Eqs. (2•1) and (2-2)), the induced 
electric field was calculated and its values are summarized in Table 2-2 
(Figure 2-2). 
2.3 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE 
TO MAGNETOHYDRODYNAMIC ELECTROMAGNETIC PULSE 
The effects of the magnetohydrodynamic electromagnetic pulse (MHD-EMP) on power 
system grids are very similar to those of geomagnetic storms. More specifically, 
MHD-EMP generates electric fields on the order of 10 -1 V/m (about an order of 
magnitude higher than the geomagnetically-induced electric fields) of frequencies 
less than 1 Hz and of 100-200 sec duration. As it was described previously, MHD-EMP 
is due to two distinct physical mechanisms, the magnetic bubble (BEMP) and the 
atmospheric heave (AEMP). The early portion of the MHD-EMP (less than 10 seconds 
after the nuclear explosion) is due to BEMP while the rest of MHD-EMP is due to the 
AEMP [6]. Some estimate of the average induced electric field can be calculated 
using the following arguments [7]. The magnetic bubble, as it expands, pushes the 
geomagnetic field out of its way. The bubble obtains its maximum size when the 
energy of the excluded field equals the initial kinetic energy, T, of the conducting 
shell of the magnetic bubble, neglecting all other loss mechanisms. Thus, the 
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>]
1/3 , 	 (2-3) 
where <B2> is the mean squared value of the flux density of the unperturbed 
geomagnetic field, p o is the permeability of freespace, R is the maximum radius of 
the magnetic bubble (assuming spherical bubble), and T is the initial kinetic energy 
of the conducting debris of the bomb. The average power, <P>, of the MHD-EMP can be 
estimated from 
<P> = 
fT 	 (2-4) 
where f is the conversion efficiency of the kinetic energy, T, in electromagnetic 
power, and At is the duration of the produced electromagnetic pulse. The average 
power density near the bubble can then be found from <P>/4TR2 . Using the Poynting 
vector, the power density is E
2
/2n, where n is the intrinsic impedance of 
freespace. Using the above arguments, an estimate of the induced electric field can 
be found from 
2fT
1/3n 	1 1/2 





Using f = 10 -5 , T = 1.76•10
15
J (for a 30% yield of a 1.4 Mt bomb [7]), n 	377 0, 
At = 100 sec, and B = 5.10
-5  wb/m2 , an electric field of 0.1 V/m can be estimated. 
The above estimate is based only on the BEMP effect under the rough assumptions made 
above. However, the atmospheric currents due to air ionization produce significant 
portion of the induced electric field. Thus, the most valuable information about a 
MED induced EMP is empirically known from the magnetometer data acquired during 
actual nuclear events as the "Starfish" test conducted in the Pacific. The design 
waveform for the simulation of MHD-EMP is the one measured during the Starfish 
test. The magnetometer data [6] have been used along with Eq. (2-1) to calculate 
the induced electric field that appears in Figure 1 of Reference 5. This electric 
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TABLE A!' 
Measurements of the Horizontal Component 
of the Magnetic Flux Density of the Geomagnetic 
Field at the Furstenfeldbruck Station 
in 30 Minute Intervals Between May 12-13, 1989 
Time (sec) Horizontal Component 
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TABLE 
Calculated Induced Electric Field (SS-CHIC) Using 
the Measurements of Table I and Eqs. (1) and (2) 
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TRANSMISSION SYSTEM MODEL 
3.1 INTRODUCTION 
This section describes the transmission system model for the study of geomagnetic 
disturbances. The model is based on a time domain simulation algorithm similar to 
the EMTP. Each power system element is modeled with a set of differential equations 
which are solved in the time domain. For the study of geomagnetic disturbances, two 
power system elements are very important: (1) magnetic core transformers and 
(2) long transmission lines. Specifically, long transmission lineS provide the gate 
for geomagnetically induced currents to enter the power system. On the other hand, 
magnetic core transformers reach saturation when geomagnetically induced currents 
flow in their windings and cause most of the undesirable effects. This section 
describes in detail these two models. 
3.2 MAGNETIC CORE TRANSFORMERS 
Magnetic core transformers are highly nonlinear devices due to their saturable 
magnetic core. A typical iron core magnetization curve is illustrated in 
Figure 3-1. For practical reasons, power transformers are designed in such a way 
that the maximum operating magnetic flux is near the knee of the magnetization 




 and the magnetization current is symmetric about the zero axis. 
When a DC current is injected through the transformer winding, this symmetry is 
destroyed. In this case, the transformer may operate past the magnetization curve 
knee for portions of the cycle, requiring a high magnetization current to maintain 
the applied voltage. 
This phenomery is modeled as follows. Consider a single phase transformer as it is 
illustrated in Figure 3-2. The equations describing the transformer are: 
v 1u (t) = r 1u
i
lu
(t) + dA(t)/dt 
v2u (t) = r2
u2u
(t) + dA(t)/dt 








(t),v2u (t) are the voltages in per unit 
i 1u
(t)'i2u(t) are the currents in per unit 
is the magnetization curve 
i
m (t) 	 is the magnetization current in per unit. 
Three single phase transformers, appropriately connected (wye-delta, etc.), provide 
the model of a three phase transformer. The equations of the power transformers are 
integrated in the time domain. 
3.3 TRANSMISSION LINE morel, WITH GIC COUPLING 
The transmission line model used in this study is a time domain state space model 
based on the methodology described in Reference 29. It is capable of representing 
transmission line parameter frequency dependence, line tower grounding, as well as 
effects of geomagnetically induced currents (GIC). 
The model is easily interfaced with other time domain models of power system 
components (such as transformers, loads, and generators). Thus the effect of GIC 
phenomena on the integrated power system can be assessed. 
The transmission line model involves two components: 
(1) Overhead conductors and earth return 
(2) Grounding system. 
Consider the transmission line shown in Figure 3-3. 	The section of overhead 
conductors between any two consecutive towers comprise a "conductor component" while 
each tower with its grounding systems is a component of the grounding system. 
Each component is modeled by an equivalent admittance matrix (which is a function 
of frequency) and equivalent current sources. Then, using nodal analysis, the 
equivalent circuit of the entire transmission line and GIC coupling is formed. 
The resulting model is in the form of a passive circuit of known admittance matrix 
and lumped current sources connected at the line terminals. This model is finally 
converted to the time domain using Fourier techniques. 
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The derivation of the conductor and grounding system equivalent circuits are 
presented in the following sections. 
3.3.1 Overhead Conductor Model  
An overhead transmission line conductor section, in the presence of geomagnetically 
induced currents is represented by the equations 
,t) 
	
av(x 	 ai(x t) 
= -Ri(x,t) - L 	+ v (x,t) ax at 
ai(x,t) av(x t) —Gv(x,t) — C ax 	 at 
(3-1) 
where 
✓ : line voltage with respect to remote earth (v) 
i 	: line current (A) 
R : line series resistance (Ohms/meter) 
L : line series inductance (Henries/meter) 
G : line shunt conductance (Siemens/meter) 
C : line shunt capacitance (Farads/meter) 
vg : component of voltage due to GIC in the direction of the line 
(See Appendix A for a derivation of Eq. (3-1).) 
Since the line parameters are frequency dependent, the solution of the above 
equation is computed in the frequency domain. The Fourier transform of the above 
equations ore- Is 





Z(w) = R(w) + jwL(w) 




For overhead transmission lines, several simplifications can be made: 
(1) The conductance term is negligible and thus 
Y(w) =; jwC(w) . 
(2) For a short line span, Vg is assumed constant with respect to 
position, thus 
V (x,w) = Vg  (w) . 
(3) The resistance and inductance are computed using the complex depth 
of return method. 
(4) The capacitance matrix is independent of frequency. 
For a multiphase line the voltage due to GIC, Vg  appears 
conductor. Thus it is replaced by the vector of the form 
1 
1 
in series with every 
• V (x,w) 
g 
1 
In order to compute the conductor section equivalent circuit, the current is 
eliminated in the equation system (3-2), (3-3), by differentiating Eq. (3-2) with 







R(w ) = Z(w)Y(w ) . 
(3-4) 
(3-5) 
The solution to the above equation (3-4) is obtained using eigenvalue analyiis of 
the matrix K. Specifically, the system is decoupled by the transformation 












where D(w) is a diagonal matrix containing the eigenvalues of matrix K, and W(w) the 
eigenvector matrix of K(w). 
Applying transformation (3-7) to Eq. (3-4) yields 
2 
V 1 (x,w)  D(w)V 1 (x,w) . 
9x
2 
The general solution to the above equation is 
(3-8) 
VI(x,w) = e#1775 1  (w) + e-
11/77(7.02 (w) ' 
	 (3-9) 






V 1 (1,,w) = et/57u7T 1 (w) + e
-IA(w)
C2 	. 
Solving for C 1 and C 2 yields 
C1 
m = le211577_,]-1(e1LVETT 2 v g vl) 
r -2W/6777 ,-1, -RIFTYT 
C2 (w) = le 	
-I
1 








V' = V1(t,w) 	W
-1 
2 	 V(L,w) 
and I. is the line length. 
Thus, Eqs. (3-9) and (3-11) define the voltage at any point of the line given the 
voltages at the line ends. Now, using (3-2), the current is also computed as a 
function of the terminal voltages yielding 
I(x,w) = Z 
1 






Evaluating the above at the line terminals, (x = 0, and x = JO yields 
I (W ) = 	) -1Vg (4) ) 	) 
1  W( (I)) f  1577 C 1  ((i) )4575. C2 (W )1 
I 2 (w) = Z(w) -1 V (w) - Z -1 (w)W(w)145771- Ean7C1 (0-15(w) e-I/D(w) C2 (w)} . 	(3-13) 
AT 1 
ii 	sinh(t✓e.) ' 
where ei is the ith eigenvalue of matrix K(w). 
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The above can be rewritten in matrix form as follows 
Z
-1(w) 1 	0 (wl 	flY 1 (w) Y2 (w)V 1 (03) 
0 	z I 2 (w) 	-1 (w) 	Vg  (w) y2 (w) Y il (w) 	7172 (w) 
where 
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-L/D (w ), -1 
Y2 (w) = Z
-1
(w)W(w) 4.5770) [e 	 jw (co ) 
= Z -1 (w)W(04167701 e(e1/15717—e—lip(w) ) -1 ] W-1 (w) 
—1 	 —1 ▪ Z (w)w(w)H2 (w)W (w) , (3-15) 
where H 1 (w) , H 2 (w) are diagonal matrices of which the diagonal elements are 
From Eq. (3-14), an equivalent circuit can be derived representing a multiphase 
transmission line section in the presence of GIC. Figure 3-4 illustrates the 
equivalent circuit. It consists of a passive circuit whose admittance matrix is 
known and current sources connected at each terminal representing GIC coupling. 
Note that all parameters of the equivalent circuit are frequency dependent. 
Thus the admittance matrix and current source values have to be computed explicitly 
at each frequency of interest. 
3.3.2 Tower Grounding Model  
Each tower and its grounding structure are represented by a step response. It is 
defined as the current flowing into the tower from the neutral wire support point 
when a unit step voltage is applied at the same point. 
The step response of the tower and its grounding system can be determined experi-
mentally [30] or analytically [31,32]. When computed analytically, finite element 
analysis is utilized to solve for the flow of currents in the earth. Then a 
convolution algorithm is utilized to evaluate the tower and ground step response 
[31]. 
The tower model has been validated with data obtained by Bonneville Power 
Administration (BPA). The validation of this model is reported in Reference 32. 
The admittance of the tower and grounding system at any given frequency is computed 
from the step response with an appropriate Fourier transform. 
3.3.3 Integrated Model 
The equivalent circuit of the entire transmission line is constructed by combining 
the equivalent circuits of each conductor section and tower grounding systems. 
The procedure is based on nodal analysis method, where all internal node voltages 
and currents are eliminated, and all internal current sources are represented by 
equivalent current sources at the terminals of the line. The resulting equivalent 
circuit has the same topology as the one for a single line section as illustrated in 
Figure 3-4. 
In order to utilize the developed model in time domain simulation, the equivalent 
circuit parameters are transformed into the time domain. Specifically, the 
admittance matrix of the passive part of the equivalent circuit is transformed to an 
impulse response, and the equivalent current sources (which are also computed as 
functions of frequency) are transformed into time domain waveforms. A discrete 
Fourier transform method is used for this purpose. 
The Snelson transformation is applied before Fourier transformation to minimize 
resulting time domain waveform durations (see Reference 33). Specifically, the 
voltage and current variables are replaced by B and F as follows 





B(w) 	V(w) - G
-1
I(w) 
where G is a real nxn matrix (n = number of conductors), and 
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Applying the above transformation to Eq. (3-14) yields 
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Solving for B(w) yields 




M(w) = (G(0))+Y(0.1) 
1 	
(4) Y(w))P(w ) ) 
Z(w)Vg (w) 
A (w) = -20t(w)+G(w)) -. -1 
Z (w)V (w) 
The matrix M(w) and the vector A (w) are next transformed into time domain functions 
g 






a (0 = F IA NO g (3-20) 
The functions matrices m(t) and a (t) comprise a time domain model of the entire 
transmission line with GIC coupling. Specifically, m(t) contains the impulse 
response of the transmission line (based on Snelson's transformation) and the 
functions a (0 represent the GIC effects. These functions are utilized in a 
convolution based algorithm, in order to simulate the operation of transmission 
lines with GIC coupling in the integrated power system. This algorithm is described 
in the following section. 
3.3.4 Convolution Algorithm 
The transmission line model is cast into the resistive companion form via a discrete 
convolution scheme. This technique allows the model to be interfaced with models of 
other power system components, thus forming a model of an integrated power system. 
(This is the standard methodology followed by several time domain simulation 
programs such as the EMTP and the PSTS programs.) Specifically, the model of a 
transmission line with GIC coupling is represented by the equivalent circuit shown 
in Figure 3-5. The voltage vector v and current vector i represent the voltages and 
current injections on each conductor at the ends of the line. The following 
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where Y is the transmission line characteristic impedance, b is the vector of 
currents depending on past history voltages and currents, and b g is the vector of 
currents representing GIC effects. The above equation can be solved by discrete 
time techniques in terms of the impulse response model defined in the previous 
section. Specifically, let v n and in represent the values of the voltage and 
current vectors at the line ends at the n-th time step. Then: 
where 
Yv
h bn-1 + bg. 
+ in 11  
(3-22) 











bgn = G[I+So 1 -l ag 
where Si represents the transmission line step respone (at the ith time interval), 
i.e. it is the integral of the impulse response m(t), performed in discrete time. 
The above equation (3-22) is a resistive companion form representation of a 
transmission line with GIC coupling. Specifically, the real matrix Y is the 
admittance matrix of a resistive network (block Y in Figure 3-5). The vector b n_ i 
 represents the past history dependent current sources. The entries of the current 
source vector bn-1 are computed by discrete convolution as shown in Eq. (3-22). The 
vector b
gn 
 are the independent current sources (bg  in Figure 3-5), representing the 
effects of GIC. 
Using these equations, a transmission line with GIC coupling and its interaction 
with the integrated power system is simulated using the standard methodology for 
power system transient simulation employed by the EMTP and PSIS programs. 
Section 4 
PRELIMINARY MODEL EVALUATION 
(to be added) 
Section 5 
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Appendix A 
DERIVATION OF TRANSMISSION LINE EQUATIONS 
IN THE PRESENCE OF GIC 
Consider an infinitesimal segment of overhead conductor Ax. It is characterized by 
an inductance, L' = LAx, resistance, R' = RAx, and shunt capacitance, C' = CAx. 
Assuming that EMP/GIC related electromagnetic fields are slowly varying their direct 
effect on the line is negligible. However, a substantial voltage can develop along 
the line direction on the earth, due to GIC. Assume that the earth potential 
difference across the line length, Ax, due to GIC is V •Ax. The equivalent circuit 
of the line segment is shown in Figure A-1. 
di g 
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Section 1 
INTRODUCTION AND OBJECTIVE 
1.1 INTRODUCTION 
The objective of this project is to investigate the level of induced and/or 
transferred voltages and currents to an electric power system from (1) geomagnetic 
disturbances due to MHD-EMP and (2) GIC due to solar storms, SS-GIC. Subsequently, 
a comparison of the effects of MHD-EMP and SS-GIC have been performed. 
MHD-EMP is an electromagnetic pulse with very low amplitude which results from 
geomagnetic disturbances caused by high altitude nuclear detonation. The electric 
field magnitude is on the order of 100 V/km, low frequency and lasts for several 
minutes. Similar geomagnetic disturbances are caused by solar storms and result in 
electric field magnitudes on the order of 10 V/km, low frequency and last from 
minutes to an hour. Both phenomena cause the flow of almost DC current in the 
windings of power transformers through the grounding system. Because of the 
nonlinear magnetization characteristics of the power transformers, the flow of the 
low frequency electric currents may cause serious secondary results, such as high 
magnetization currents due to saturation, abnormal reactive power requirements, and 
disruption of operation. Presently, it is not clear which disturbance (the high 
magnitude short duration MHD-EMP or the low magnitude long duration SS-GIC) is the 
most severe to a power system. A system approach has been adopted to address these 
problems, and to determine at what level saturation is reached. 
The objectives of the project have been attained with a two step procedure: In the 
first step a model of an electric power transmission line including grounding and 
MHD-EMP or solar storm coupling has been developed. The basic methodology utilized 
for this step is described in Sections 2 and 3. Since the coupling of MHD-EMP or 
solar storm induced voltages to power lines is mainly through the line grounding 
system, it is important to accurately model the power line tower grounding as well 
as the terminal substation grounding system. For this purpose, the EPRI grounding 
models developed by Georgia Tech have been utilized. The form of the transmission 
line model is in terms of a multiple input-multiple output linear system. 
The second step involves integration of the model developed in the first step into 
the EPRI computer model ADCFLT. This computer model is a time domain model similar 
to the EMTP. It allows modeling of an integrated power system, power system 
grounding, and the nonlinear magnetization characteristics of power transformers. 
Using this model, system studies have been performed to determine transformer 
magnetization currents and reactive power requirements. Of special importance 
is the degree of saturation of power transformers due to these phenomena. This 
information can be utilized to analyze transformer performance such as eddy losses 
in steel members, conductors, and leads. A test system has been utilized provided 
by Minnesota Power Company. 
1.2 REPORT OUTLINE AND MAJOR CONCLUSIONS 
(to be added) 
Section 2 
DESIGN WAVEFORMS FOR SOLAR-STORM GEOMAGNETICALLY INDUCED 
CURRENTS (SS-GIC) AND FOR MAGNETOHYDRODYNAMIC 
ELECTROMAGNETIC PULSES (MHD-124P) 
2.1 INTRODUCTION 
Electric currents that flow in the molten core of the earth cause its dipole-like 
magnetic field. The magnetic field of the earth interacts with the interplanetary 
magnetic field which is actually an extension of the magnetic field of the sun due 
to the solar wind. The solar wind consists of charged particles, mainly electrons 
and protons (hydrogen ions), emitted from the surface of the sun. Thus, the solar 
wind acts like an extension of the magnetic field of the sun and interacts with the 
earth's magnetic field in a complex manner creating the earth's magnetosphere. 
In addition, interactions of the earth's magnetic field and the solar wind give rise 
to a vast magnetohydrodynamic generator that converts the kinetic energy of the 
solar-wind particles in electric energy which powers the auroral currents or auroral 
electrojets [1,2]. These currents usually follow circular or elliptical paths 
around the geomagnetic poles at altitudes of 100 kilometers or more and produce 
fluctuations in the earth's magnetic field that are termed geomagnetic storms. 
The strength of the geomagnetic storms is strongly related with solar phenomena that 
affect the solar wind. These phenomena are the solar flares, the coronal holes, and 
the disappearing filaments. The severity of the geomagnetic storms strongly depends 
on the intensity of the above mentioned solar effects. Large solar storms can 
produce large variations of the auroral electrojets which produce large variations 
of the geomagnetic field on the earth's surface. The earth as a conducting sphere 
experiences, or portions of it experience, these time varying magnetic fields. 
Varying magnetic fields induce electric potential gradients which are called earth-
surface-potentials (ESP). The earth-surface-potentials can obtain values in the 
range between 1 and 10 volts/km depending on the severity of the geomagnetic storm 
and the earth's conductivity [3,4]. The electric power systems are exposed to ESP 
through the grounding grid. Since the ESP has frequency of one to a few millihertz 
the resulting geomagnetically-induced-currents (GIC) can be considered quasi-direct 
currents compared to 50 Hz or 60 Hz of the electrical power system frequency. 
Geomagnetic field variations caused by magnetosphere phenomena will result in an 
induced ESP orthogonal to the field changes. Usually, an idealized east-west 
auroral current will cause field' variations in the north-south component of the 
earth's magnetic field, resulting in an east-west induced ESP. Thus, transmission 
lines in the east-west direction are more susceptible to large ESP than transmission 
lines in the north-south direction. However, the auroral currents are not ideally 
east-west and consequently large ESP can be observed in any direction. Several 
analytical methods have been developed to estimate the induced ESP based on 
different modeling of the auroral currents and the earth's conductivity. Due to the 
complexity of the geomagnetic phenomena all these models are approximate and direct 
measurements of the geomagnetic fields seems to be the best choice. 
Geomagnetic disturbances and associated induced earth currents can also originate 
from the explosion of nuclear bombs at high altitude above the earth's surface 
[5-7]. These explosions result in transient electromagnetic pulses (EMP) which can 
affect the operation of the power and communications systems. There are two basic 
types of electromagnetic pulses due to nuclear explosions. The one is the high 
altitude quick pulse (TEMP) (Tachy-EMP), and the other is the much slower 
magnetohydrodynamic EMP (MHD-EMP). For this report, only the slow MHD-EMP is of 
interest since its effect to power system operation is very similar to solar-storm 
geomagnetically induced currents. Two similar but different magnetic disturbances 
give rise to the MHD-EMP. The first is called magnetic bubble EMP (BEMP) [8]. The 
second is called Atmospheric heave EMP (AEMP) [8]. Due to the nuclear explosion a 
magnetohydrodynamic bubble of ionized conducting debris is formed and expands 
rapidly. Initially the geomagnetic flux inside the bubble is very small. If the 
shell of the magnetic bubble were nonconducting, the expansion of the bubble would 
simply enclose more magnetic flux of the geomagnetic field. However, since the 
bubble is conducting, currents are induced on the shell which counteract the earth's 
magnetic field. Thus, even if the bubble increases in volume the geomagnetic flux 
that encloses remains as small as it was initially. This effect results in a 
compression of the geomagnetic field around the bubble. These changes of the 
geomagnetic field can induce electric fields in the earth which can reach a maximum 
magnitude of 0.1 V/m with periods from 2 to 100 seconds [8]. This pulse occurs at 
about 2 to 5 seconds after the nuclear explosion. The second component of the 
MHD-EMP, the atmospheric heave EMP, occurs more than 10 seconds after the explosion. 
This pulse is caused by the atmospheric heave of the bomb-heated ionized air across 
the geomagnetic field. This ionization forms current loops which have mirror images 
in the earth. These perturbations of the geomagnetic field extend out more than 
1250 miles from the source point and last approximately 100 sec. The induced 
electric fields and frequencies are very low between 0.001-0.03 V/m and -0.01 Hz. 
Several analytical methods have been developed mainly for the study of the fast 
EMP and comparisons of it with the lightning [9-12]. However, there is not much 
available information for theoretical modeling of MHD--EMP. Most of the analytical 
studies for the evaluation of the effects of MHD-EMP on power systems are based on 
measurements of the induced electric field [5,6], or by assuming plane wave 
excitation [13,14]. 
In the following subsections, the most common methods used for the evaluation of the 
ESP due to SS-GIC or MHD-EMP are reviewed. In addition, sample tables of measured 
data are given to be used as design ESP waveforms for the calculation of the effect 
of SS-GIC and MHD-EMP on power systems, and for evaluation of several methods 
proposed for the alleviation of these effects. 
2.2 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE TO 
SOLAR-STORM GEOMAGNETICALLY INDUCED CURRENTS 
Several analytical models have been used for the evaluation of the induced electric 
field on the surface of the earth due to the variations of the geomagnetic field. 
These models differ in the representation of the auroral currents and the conduc-
tivity of the earth. The auroral currents are known to be at altitudes between 
100 to 300 km above the earth's surface. These currents can be modeled like current 
line sources or current sheet sources of infinite extend above a flat earth's 
surface. However, the auroral currents have such a spatial extension that they can 
not be considered either a current line or a current sheet. The above assumptions 
though give some estimate of the induced electric field on the earth's surface. 
Specifically, the current line model gives a lower limit while the current sheet 
model gives an upper limit of the induced electric field. Sometimes the auroral 
currents are assumed to be at an infinite distance from the ground. In this case, 
the geomagnetic field is modeled as a plane electromagnetic wave. The conductivity 
of the earth is also difficult to model due to the large variety and inhomogeneity 
of the earth's surface from place to place. The simplest model assumes a flat earth 
surface with a uniform effective conductivity. More sophisticated earth models 
divide the earth's surface in multiple layers, each one having a different 
conductivity. 
The simplest method for modeling the auroral currents is the plane electromagnetic 
wave model [15]. The earth is modeled as a horizontally stratified medium of one or 
more layers of differing conductivities. The incident geomagnetic field is assumed 
to be a linearly polarized, monochromatic plane wave. The electric field on the 
surface of the earth is computed with usual electromagnetic analysis methods. 
In addition, using this technique the surface impedance of the earth, Z s , can be 
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computed, where Zs = Ex/Hy (Ex/Hy are the horizontal components of the electric and 
magnetic field on the earth's surface, respectively). This is useful since from 
measurement of the magnetic field, the induced electric field can be estimated. 
Another widely used technique models the auroral currents as an infinite horizontal 
current sheet at a height h above the horizontally also stratified earth of one or 
more layers [15-19]. To solve the problem, the electric and magnetic Hertz vectors 
are commonly used. For the described geometry, these vectors have only one 
component which is perpendicular to the earth's surface and to the auroral current 
sheet. Using the vector Hertz potentials and Maxwell's equations along with the 
corresponding boundary conditions, the electric field on the earth's surface can be 
found. This field is a function of (1) the magnitudes along the two horizontal 
directions of the current sheet (jx  ,j y  ), (2) the radian frequency w of the auroral 
current, (3) the spatial wave numbers of the spectral components of the auroral 
currents, (4) the altitude h of the auroral current, and (5) the characteristics of 
the earth. Even if the described analysis considered a single spectral component, 
there is no loss of generality since by Fourier synthesis any time-dependent source 
current can be written as a linear combination of its spectral components. 
Consequently, the resulting induced electric field will be a linear combination of 
the fields due to the different spectral components. As it was mentioned earlier, 
the current sheet method overestimates the induced electric field on the earth's 
surface. 
The auroral currents can also be modeled as a line current source parallel to the 
earth's surface at an altitude h [15,18,20,21]. Usually, the line is positioned 
in the east-west direction and is assumed positive in the westward direction. 
Earth's surface is modeled like a horizontally stratified medium. The general 
methodology used for the solution of these problems is based on Price's analysis 
[22]. This analysis assumes slow variations of the geomagnetic fields. 
As a result, the second time derivatives in the wave equation are neglected. 
This assumption permits solutions of the magnetic field expressed in terms of the 
gradient of a scalar magnetic potential for the region above the earth, while the 
electric field solutions are expressed in terms of the time derivative of a vector 
magnetic potential for the earth region. An equivalent procedure consists of 
expressing the electric field as E = e
jwt
G(z)F(x,y), where G and F have to be 
determined for each region from the wave equation and the boundary conditions of 
the problem [(x,y) correspond to the horizontal plane while z is the perpendicular 
coordinate]. Using this procedure the resulting electric and magnetic fields on the 
earth's surface are calculated as functions of the following parameters: (1) the 
magnitude of the auroral current, (2) the radian frequency of the auroral current, 
(3) the altitude h of the auroral current, (4) the difference in latitude between 
the auroral current and the point for which the calculations are made, and (5) the 
surface impedance of the earth Zs [23] which depends on the earth's parameters and 
modeling. Usually, since the magnitude of the auroral currents is not known, an 
estimate of J = 10 5A s used. As it was mentioned previously this method under-
estimates the induced electric field on the earth's surface due to the modeling of 
the auroral currents as a horizontal line current. 
In the described models the auroral currents are modeled as uniform or sinusoidal 
distributions. However, none of these assumptions is very accurate. More sophis-
ticated studies include Gaussian modeling of the electrojet [24,25]. In addition, 
Hibbs et al. have studied nonsymmetric auroral currents distributions [26]. 
Independently of the used model, the complexity of the physical effect of the 
auroral electrojet is difficult to represent. In addition, all the described models 
assume sinusoidal auroral currents. However, if the spectral content of the auroral 
currents was known, these models along with the superposition principle could be 
used for the calculation of the induced electric field. Since the spectral content 
of the auroral currents is not known and, in addition, is varying with time, the 
geomagnetic field is usually measured in several positions in the areas of interest 
using magnetometers. By measuring the magnetic field, the induced electric field 
can be roughly estimated using the plane wave assumption from [4] 
OD 
1 	r 1 3S.z.LQ du , 	 (2-1) E(t) = - 1/2 1/2 
(wp oo) 	0 u 
where E(t) is the horizontal component of the induced electric field,
o 
is the 
permeability of the freespace, a is the conductivity of the earth, and g is the time 
derivative of the horizontal component of the magnetic field. If the measured data 
are used, the derivative g can be computed numerically and the integral can be 
approximated using the extended Simpson's rule [27] by the following formula 
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odd; L is the total number of data points that are considered for the calculation 
of E(t). 	Using the data measured during May 12-13, 1989, at magnetic Observatory 
(2-2) 
Furstenfeldbruck (Figure 2-1, Table 2-1, and Eqs. (2-1) and (2-2)), the induced 
electric field was calculated and its values are summarized in Table 2-2 
(Figure 2-2). 
2.3 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE 
TO MAGNETOHYDRODYNAMIC ELECTROMAGNETIC PULSE 
The effects of the magnetohydrodynamic electromagnetic pulse (MHD-EMP) on power 
system grids are very similar to those of geomagnetic storms. More specifically, 
MHD-EMP generates electric fields on the order of 10 -1 V/m (about an order of 
magnitude higher than the geomagnetically-induced electric fields) of frequencies 
less than 1 Hz and of 100-200 sec duration. As it was described previously, MHD-EMP 
is due to two distinct physical mechanisms, the magnetic bubble (HEMP) and the 
atmospheric heave (AEMP). The early portion of the MHD-EMP (less than 10 seconds 
after the nuclear explosion) is due to BEMP while the rest of MHD-EMP is due to the 
AEMP [6]. Some estimate of the average induced electric field can be calculated 
using the following arguments [7]. The magnetic bubble, as it expands, pushes the 
geomagnetic field out of its way. The bubble obtains its maximum size when the 
energy of the excluded field equals the initial kinetic energy,. T, of the conducting 
shell of the magnetic bubble, neglecting all other loss mechanisms. Thus, the 
following equation can be written [7] 
1 	2 	
3 
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where <B2> is the mean squared value of the flux density of the unperturbed 
geomagnetic field, p o is the permeability of freespace, R is the maximum radius of 
the magnetic bubble (assuming spherical bubble), and T is the initial kinetic energy 
of the conducting debris of the bomb. The average power, <P>, of the MHD-EMP can be 
estimated from 
(2-4) 
where f is the conversion efficiency of the kinetic energy, T, in electromagnetic 
power, and At is the duration of the produced electromagnetic pulse. The average 
power density near the bubble can then be found from <P>/4TR 2 . Using the Poynting 
vector, the power density is E
2 
 /2n, where n is the intrinsic impedance of 
freespace. Using the above arguments, an estimate of the induced electric field can 











Using f = 10 -5 , T = 1.76.10
15
J (for a 30% yield of a 1.4 Mt bomb [7]), n = 377 Q, 
At = 100 sec, and B = 5.10
-5 
wb/m2 , an electric field of 0.1 V/m can be estimated. 
The above estimate is based only on the HEMP effect under the rough assumptions made 
Above. However, the atmospheric currents due to air ionization produce significant 
portion of the induced electric field. Thus, the most valuable information about a 
MHD induced EMP is empirically known from the magnetometer data acquired during 
actual nuclear events as the "Starfish" test conducted in the Pacific. The design 
waveform for the simulation of MHD-EMP is the one measured during the Starfish 
test. The magnetometer data [6] have been used along with Eq. (2-1) to calculate 
the induced electric field that appears in Figure 1 of Reference 5. This electric 
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Measurements of the Horizontal Component 
of the Magnetic Flux Density of the Geomagnetic 
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TRANSMISSION SYSTEM MODEL 
3.1 INTRODUCTION 
This section describes the transmission system model for the study of geomagnetic 
disturbances. The model is based on a time domain simulation algorithm similar to 
the EMTP. Each power system element is modeled with a set of differential equations 
which are solved in the time domain. For the study of geomagnetic disturbances, two 
power system elements are very important: (1) magnetic core transformers and 
(2) long transmission lines. Specifically, long transmission lines provide the gate 
for geomagnetically induced currents to enter the power system. On the other hand, 
magnetic core transformers reach saturation when geomagnetically induced currents 
flow in their windings and cause most of the undesirable effects. This section 
describes in detail these two models. 
3.2 MAGNETIC CORE TRANSFORMERS 
Magnetic core transformers are highly nonlinear devices due to their saturable 
magnetic core. A typical iron core magnetization curve is illustrated in 
Figure 3-1. For practical reasons, power transformers are designed in such a way 
that the maximum operating magnetic flux is near the knee of the magnetization 
curve. 	During normal operating conditions, the magnetic flux oscillates between 
+A
maX 
and -A 	and the magnetization current is symmetric about the zero axis. 
When a DC current is injected through the transformer winding, this symmetry is 
destroyed. In this case, the transformer may operate past the magnetization curve 
knee for portions of the cycle, requiring a high magnetization current to maintain 
the applied voltage. 
This phenomenon is modeled as follows. Consider a single phase transformer as it is 
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Figure 3-1 : Typical Iron Core Magnetization Curve 
(a) 
(b) 
Figure 3-2 : Single Phase Transformer & equivalent 
Circuit 
(a) Transformer 




(t) + i2u(t) 
where 
v1u (t) ' v 2u (t)  are the voltages in per unit 
i 1u (t)  ,i 2u
(t) are the currents in per unit 
g(•) is the magnetization curve 
i
m
(t) is the magnetization current in per unit. 
Three single phase transformers, appropriately connected (wye-delta, etc.), provide 
the model of a three phase transformer. The equations of the power transformer are 
integrated in the time domain. 
3.3 TRANSMISSION LINE MODEL WITH GIC COUPLING 
The transmission line model used in this study is a time domain state space model 
based on the methodology described in Reference 29. It is capable of representing 
transmission line parameter frequency dependence, line tower grounding, as well as 
effects of geomagnetically induced currents (GIC). 
The model is easily interfaced with other time domain models of power system 
components (such as transformers, loads, and generators). Thus the effect of GIC 
phenomena on the integrated power system can be assessed. 
The transmission line model involves two components: 
(1) Overhead conductors and earth return 
(2) Grounding system. 
Consider the transmission line shown in Figure 3-3. 	The section of overhead 
conductors between any two consecutive towers comprise a "conductor component" while 
each tower with its grounding systems is a component of the grounding system. 
Each component is modeled by an equivalent admittance matrix (which is a function 
of frequency) and equivalent current sources. Then, using nodal analysis, the 
equivalent circuit of the entire transmission line and GIC coupling is formed. 
The resulting model is in the form of a passive circuit of known admittance matrix 
and lumped current sources connected at the line terminals. This model is finally 
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Induced Voltage Due to 
Geomagnetic Current 
Figure 3-3 : Transmissin Line Section 
(a) Physical Configuration 







The derivation of the conductor and grounding system equivalent circuits are 
presented in the following sections. 
3.3.1 Overhead Conductor Model  
An overhead transmission line conductor section, in the presence of geomagnetically 
induced currents is represented by the equations 
av(x
ax
,t) 	 ai(x,t)  
	
- Ri(x,t) 	at L 	+ v (x,t) 
ai(x,t) 	 av(x,t)  Gv(x,t) 	C ax 	 at 
(3-1) 
where 
✓ : line voltage with respect to remote earth (v) 
i 	: line current (A) 
R 	: line series resistance (Ohms/meter) 
L : line series inductance (Henries/meter) 
G : line shunt conductance (Siemens/meter) 
C 	: line shunt capacitance (Farads/meter) 
vg : component of voltage due to GIC in the direction of the line 
(See Appendix A for a derivation of Eq. (3-1).) 
Since the line parameters are frequency dependent, the solution of the above 
equation is computed in the frequency domain. The Fourier transform of the above 
equations is 
av(x,w)  — Z(w)I(x,w) + v (x,w) , ax 
avx,w)  — ymv(x,w) , ax 
where 
Z( w ) = R(w) + jwL(w) 




For overhead transmission lines, several simplifications can be made: 
(1) The conductance term is negligible and thus 
Y (w) = jwC(w) . 
(2) For a short line span, Vg  is assumed constant with respect to 
position, thus 
V (x,w) = V (w) . 
g 	g 
(3) The resistance and inductance are computed using the complex depth 
of return method. 
(4) The capacitance matrix is independent of frequency. 
For a multiphase line the voltage due to GIC, Vg  appears in series with every 










to compute the conductor section equivalent circuit, the current is 
in the equation system (3-2), (3-3), by differentiating Eq. (3-2) with 
x and substituting current with voltage from Eq. (3-3) 




K(w) = Z(w)Y(w) . 
(3-4) 
(3-5) 
The solution to the above equation (3-4) is obtained using eigenvalue analysis of 
the matrix K. Specifically, the system is decoupled by the transformation 
V'(x,w) = w
-1 





where D(w) is a diagonal matrix containing the eigenvalues of matrix K, and W(w) the 






- D(w)V'(x,w) . 
Applying transformation (3-7) to Eq. (3-4) yields 
The general solution to the above equation is 
V'(x,w) = ex/377•A(w) + e-x
✓
D(w)•A2(w) , 	 (3-9) 
where A 1, A
2 are constants to be determined by boundary conditions.. Specifically, 
V'(o,w) = A
1 
 (w) + A2 (w) 
 
(3-10) 




 (w) + e-k
✓
D(w)A2(w) . 
Solving for A l and A 2 yields 
) 
r 211577 -1 2.15TUTN7
'-v1 A
1 (w) = Le 	-I] (e 2 	1 
r -21T6777 	-12,477 A
2





v.1  = V'(o,w) = W
-1 
V(o,w) 
V2 = VI(k,w) = w 1V(k,w) 
and k is the line length. 
Thus, Eqs. (3-9) and (3-11) define the voltage at any point of the line given the 
voltages at the line ends. Now, using (3-2), the current is also computed as a 
function of the terminal voltages yielding 
- 
I(x,w) = Z 1 (w)Vg (w)  = Z(w)
-1 av(x,w)  
ax 	• 
Evaluating the above at the line terminals, (x = 0, and x = k) yields 
r 
I 1 (w)= ZOO
-1
V (w) - Z(w)
-1 
 W(w)ii-1 -6-(75. A
1




(w) = Z(w) 1 V (w) - Z
-1 
 (w)W(w)PD(w) EkiD(w)A  (w)-76(w) e-ZID(w)A
2 (w)} • 	
(3-13) 
The above can be rewritten in matrix form as follows 
I .1 (w)] 	T z - 1 00 I 	0 	1V (w )1 	{Y 1 (w) Y 2 (0.1 IV 
v
., (IA ) 
I2 (w) 	
1 
co ) 2 NO Y . ) 	co ) 0 	Z -1 	v ) (w) 	g 	y 	1 (w 2 ( 
where 
Y 	= -Z (wW(w)METATT[-e




z -1 (tow(w)ii:770 (e22.✓D(w)...1)-1-(e-22.✓D(w)..i)-1]w-1 (w ) 
= z -1  (w)W(w)H 1 (w)w
1 (w) 
) -I1eLID (w ) - [e-22,1D )VD) - Y2 (w) = Z



















2 (w) are diagonal matrices of which the diagonal elements are 
(3-15) 
VD, 











whereDi . is the ith eigenvalue of matrix K(w). 
 
From Eq. (3-14), an equivalent circuit can be derived representing a multiphase 
transmission line section in the presence of GIC. Figure 3-4 illustrates the 
equivalent circuit. It consists of a passive circuit whose admittance matrix is 
known and current sources connected at each terminal representing GIC coupling. 
Note that all parameters of the equivalent circuit are frequency dependent. 
Thus the admittance matrix and current source values have to be computed explicitly 
at each frequency of interest. 
3.3.2 Tower Grounding Model  
Each tower and its grounding structure are represented by a step response. It is 
defined as the current flowing into the tower from the neutral wire support point 
when a unit step voltage is applied at the same point. 
The step response of the tower and its grounding system can be determined experi-
mentally [30] or analytically [31,32]. When computed analytically, finite element 
analysis is utilized to solve for the flow of currents in the earth. Then a 
convolution algorithm is utilized to evaluate the tower and ground step response 
[31]. 
The tower model has been validated with data obtained by Bonneville Power 
Administration (BPA). The validation of this model is reported in Reference 32. 
The admittance of the tower and grounding system at any given frequency is computed 
from the step response with an appropriate Fourier transform. 
3.3.3 Integrated Model  
The equivalent circuit of the entire transmission line is constructed by combining 
the equivalent circuits of each conductor section and tower grounding systems. 
The procedure is based on nodal analysis method, where all internal node voltages 
and currents are eliminated, and all internal current sources are represented by 
equivalent current sources at the terminals of the line. The resulting equivalent 
circuit has the same topology as the one for a single line section as illustrated in 
Figure 3-4. 
In order to utilize the developed model in time domain simulation, the equivalent 
circuit parameters are transformed into the time domain. Specifically, the 
admittance matrix of the passive part of the equivalent circuit is transformed to an 
impulse response, and the equivalent current sources (which are also computed as 
functions of frequency) are transformed into time domain waveforms. A discrete 
Fourier transform method is used for this purpose. 
The Snelson transformation is applied before Fourier transformation to minimize 
resulting time domain waveform durations (see Reference 33). Specifically, the 
voltage and current variables are replaced by B and F as follows 





3(w) = V(w) - G
-1 
 I ) 
where G is a real nxn matrix (n = number of conductors), and 
a 
b 
Figure 3-4 : Equivalent Circuit of a Transmission Line Section 












Applying the above transformation to Eq. (3-14) yields 
-1 
Z 	(w)‘ (w) 
1 




Solving for B(w) yields 




M(w) = (G(w)+Y(w)) -1 (G(w)-Y(w))F(w ) 
1 1. Z(w)V (w) 
A (w) = -2(Y(w)+G(u))) 
-1 
Z (w)V (w) 
The matrix M(w) and the vector A (w) are next transformed into time domain functions 
g 
using the FFT algorithm 
-1 
m(t) = F IM(w)1 
-1 
a (t) = F IA (w)1 (3-20) 
The function matrices m(t) and a (t) comprise a time domain model of the entire 
transmission line with GIC coupling. Specifically, m(t) contains the impulse 
response of the transmission line (based on Snelson's transformation) and the 
functions a (t) represent the GIC effects. These functions are utilized in a 
convolution based algorithm, in order to simulate the operation of transmission 
lines with GIC coupling in the integrated power system. This algorithm is described 
in the following section. 
3.3.4 Convolution Algorithm 
The transmission line model is cast into the resistive companion form via a discrete 
convolution scheme. This technique allows the model to be interfaced with models of 
other power system components, thus forming a model of an integrated power system. 
(This is the standard methodology followed by several time domain simulation 
programs such as the EMTP and the PSTS programs.) Specifically, the model of a 
transmission line with GIC coupling is represented by the equivalent circuit shown 







Figure 3-5 : Model of Transmission with GIC Coupling 
in the Resistive Companion Form 
current injections on each conductor at the ends of the line. 	The following 
equation holds for these voltages and currents: 
Y•v(t) = b(t) + b (t) + i(t) 
g 
(3-21) 
where Y is the transmission line characteristic admittance matrix, b is the vector 
of currents depending on past history voltages and currents, and b
9 
 is the vector of 
currents representing GIC effects. The above equation can be solved by discrete 
time techniques in terms of the impulse response model defined in the previous 
section. Specifically, let vn and in represent the values of the voltage and 
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bg 	= G[I+S ] -1  a o 	gn 
wheneSi . represents the transmission line step respone (at the ith time interval), 
i.e. it is the integral of the impulse response m(t), performed in discrete time. 
The above equation (3-22) is a resistive companion form representation of a 
transmission line with GIC coupling. 	Specifically,, the real matrix Y is the 
admittance matrix of a resistive network (block Y in Figure 3-5). The vector bn_ l 
 represents the past history dependent current sources. The entries of the current 
source vector bn-1 are computed by discrete convolution as shown in Eq. (3-22). The 
vector b
gn 
 are the independent current sources (b
9 
 in Figure 3-5), representing the 
effects of GIC. 
Using these equations, a transmission line with GIC coupling and its interaction 
with the integrated power system is simulated using the standard methodology for 
power system transient simulation employed by the EMTP and PSIS programs. 
Section 4 
PRELIMINARY MODEL EVALUATION 
4.1 INTRODUCTION 
This section describes the application and preliminary evaluation of the power 
transmission system model, for the study of geomagnetic disturbances. The 
evaluation approach is based on the computation of the response of a simplified 
power system to a set of step functions of geomagnetically induced earth surface 
potential. The simulation results are compared to results from a study of the same 
system, which was performed by General Electric. 
4.2 DESCRIPTION OF THE TEST SYSTEM 
The test system is a simplification of the Minnesota Power Company 500 kV line 
between Dorsey and Minneapolis. Specifically it consists of a 500 kV transmission 
line, terminated by three phase transformer banks at both ends. Figure 4-1 
illustrates a single line diagram of the test system. 
The transmission line data are listed in Table 4-1. During normal operation, the 
sky wires are not electrically connected to the transmission line towers. Tower 
configuration data specifies the location of the center of each phase bundle and 
each sky wire with respect to a Cartesian coordinate system with its origin located 
at the center of the tower base. 
Each of the three phase transformer banks consists of three single phase 
transformers connected DELTA/GROUNDED Y. The grounded Y side is connected on the 
500 kV transmission line (see Figure 4-1). The characteristics of each single phase 
transformer are as follows: 
Voltage 	 115/288 kV 
Power Rating 	 350 MVA 
Leakage Reactance 	 0.10 pu 
Magnetizing Current 0.01 pu 
Winding Resistance (high V. side) 	 1.5 ohms 
Transformer saturation is modeled as described in Section 3.2. The transformer core 
magnetization characteristics are described by a piecewise-linear function which is 













Figure 4-1 :Test System 
a) Single Line Diagram 
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473 miles 





Transmission Line Data 
GENERAL DATA 
CONDUCTOR DATA 














TOWER CONFIGURATION DATA 
Conductor x - coordinate 
(feet) 
y - coordinate 
(feet) 
Phase A -32.0 97.5 
Phase B 0.0 97.5 
Phase C 32.0 97.5 
Sky Wire 1 -35.0 129.5 
Sky Wire 2 35.0 129.5 
Table 4-k. 
Transformer Magnetization Characteristics 













































The response of the described system is computed assuming a geomagnetically induced 
voltage (GIV) of step function waveform. Three cases are simulated with different 
GIV levels as follows: 
1. 1.0 volts per mile 
2. 10.0 volts per mile 
3. 100.0 volts per mile. 
The effects of GIV to the test system are assessed in two steps: First, the steady 
state direct current through the transformer is computed for the above GIV levels 
and various values of line parameters. Next, the transient response of the trans-
former excitation current is completed for the above GIV levels to determine the 
time constants involved to reach saturation. The results of this study are 
described in the next section. 
4.3 COMPUTATION OF STEADY STATE RESPONSE 
This section presents the computation of the steady state response of the test 
system under GIC excitation. In order to gain insight in the system parameters that 
determine the system behavior under GIC excitation, a simple approach is used first. 
Specifically, an equivalent DC model of the system is constructed. Using, this 
simple model, the magnitude and distribution of geomagnetically induced currents are 
evaluated. The effect of the neutral wire of the transmission line to GIC response 
is assessed. Furthermore, the results of this analysis are used to validate the 
detailed (transient) model. 
The DC model of the test system is constructed by considering only the resistances 
of each system component. Specifically, an equivalent circuit is constructed 
containing the DC models of the transformers, transmission line, grounding system, 
and geomagnetic voltage. This circuit is illustrated in Figure 4-2. The equivalent 
circuits of each component are described next. 
The transformers are represented by their winding resistances. Specifically, the 
windings of the Y connected (high voltage) side of the transformer exhibit three 
parallel paths to the flow of the electric current injected at the transformer 
neutral. Assuming that the windings are identical, the equivalent resistance is 1/3 
of the winding resistance of each high voltage winding. 
The transmission line is represented by a DC equivalent circuit. Each of the phase 
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Figure 4-2 : DC Equivalent Circuit of Test System 
The neutral wire is represented by its DC resistance. The neutral wire may or may 
not be multiply grounded. Figure 4-2 illustrates the tower footing grounding which 
is represented by its DC resistance. 
The substation grounds at each line end are represented by 1 Ohm resistances, 
connected fram the transformer Y side neutral to remote earth. 
Finally, the equivalent circuit of the earth containing the geomagnetically induced 
voltage is represented by a series of Thevenin equivalent circuits connected between 
consecutive tower grounds and substation grounds. Thus, for each line segment, a 
separate Thevenin equivalent of the earth is used. Each Thevenin equivalent 
consists of a voltage source representing the geomagnetically induced voltage, and a 
resistor representing the earth path resistance. '114- p-Alk PeAcoio—u- 
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The above model was employed to study the effects of multiply grounded ground wires 
on the steady state direct current through the transformer winding. The following 
values were used for the parametric study: 
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(a) Line Zero Sequence Current 
(b) Transformer Magnetization Current 
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Table 4.3 : Test System Time Constant to Saturation * 
 (in seconds) Versus GIV Level, Tower Footing 
Resistance (Rt), and Ground Wire Resistance (Rg ) 
G.I.V. 
1 V / mile 10 V / mile 100 V / mile 
Rg  
4.435 1.24 4.435 1.24 4.435 1.24 
Rt 
5 120 145 13.0 16.0 2.8 3.1 
30 98 109 11.2 12.5 2.5 2.6 
100 93 96 10.6 11.4 2.4 2.5 
inf 85 85 10.0 10.0 2.3 2.3 
* 	Time Constant to Saturation is defined as the time 
required for the transformer magnetization current to 
reach 63.2% of its steady state value. 
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Appendix A 
DERIVATION OF TRANSMISSION LINE EQUATIONS 
IN THE PRESENCE OF GIC 
Consider an infinitesimal segment of overhead conductor Ax. It is characterized by 
an inductance, L' = LAx, resistance, R' = RAx, and shunt capacitance, C' = CAx. 
Assuming that EMP/GIC related electromagnetic fields are slowly varying their direct 
effect on the line is negligible. However, a substantial voltage can develop along 
the line direction on the earth surface, due to GIC. 	Assume that the earth 
potential difference across the line length, Ax, due to GIC is V
9 
 •Ax. 	The 
equivalent circuit of the line segment is shown in Figure A-1. 
di
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Figure A-1 : Equivalent Circuit of Short Line Segment 
in the Presence of Geomagrieticaly 
Induced Voltage on the Earth Surface. 
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INTRODUCTION AND OBJECTIVE 
1.1 INTRODUCTION 
The objective of this project is to investigate the level of induced and/or 
transferred voltages and currents to an electric power system from (1) geomagnetic 
disturbances due to MED EMP and (2) GIC due to solar storms, SS-GIC. Subsequently, 
a comparison of the effects of MHD-EMP and SS-GIC have been performed. 
MHD-EMP is an electromagnetic pulse with very low amplitude which results from 
geomagnetic disturbances caused by high altitude nuclear detonation. The electric 
field magnitude is on the order of 100 V/km, low frequency and lasts for several 
minutes. Similar geomagnetic disturbances are caused by solar storms and result in 
electric field magnitudes on the order of 10 V/km, low frequency and last from 
minutes to an hour. Both phenomena cause the flow of almost DC current in the 
windings of power transformers through the grounding system. Because of the 
nonlinear magnetization characteristics of the power transformers, the flow of the 
low frequency electric currents may cause serious secondary results, such as high 
magnetization currents due to saturation, abnormal reactive power requirements, and 
disruption of operation. Presently, it is not clear which disturbance (the high 
magnitude short duration MHD-EMP or the low magnitude long duration SS-GIC) is the 
most severe to a power system. A system approach has been adopted to address these 
problems, and to determine at what level saturation is reached. 
The objectives of the project have been attained with a two step procedure: In the 
first step a model of an electric power transmission line including grounding and 
MHD-EMP or solar storm coupling has been developed. The basic methodology utilized 
for this step is described in Sections 2 and 3. Since the coupling of MHD-EMP or 
solar storm induced voltages to power lines is mainly through the line grounding 
system, it is important to accurately model the power line tower grounding as well 
as the terminal substation grounding system. For this purpose, the EPRI grounding 
models developed by Georgia Tech have been utilized. The form of the transmission 
line model is in terms of a multiple input-multiple output linear system. 
The second step involves integration of the model developed in the first step into 
the EPRI computer model ADCFLT. This computer model is a time domain model similar 
to the EMTP. It allows modeling of an integrated power system, power system 
grounding, and the nonlinear magnetization characteristics of power transformers. 
Using this model, system studies have been performed to determine transformer 
magnetization currents and reactive power requirements. Of special importance 
is the degree of saturation of power transformers due to these phenomena. This 
information can be utilized to analyze transformer performance such as eddy losses 
in steel members, conductors, and leads. A test system has been utilized provided 
by Minnesota Power Company. 
1.2 REPORT OUTLINE AND MAJOR CONCLUSIONS 
Section 2 describes the investigation of the waveforms of geomagnetically induced 
voltages (GIV) resulting fran solar storms (SS) and nuclear bomb explosions 
(MHD-EMP). The mechanism associated with the generation of GIV is briefly 
described. Next, models for predicting GIV waveforms from magnetic field measure-
ments are discussed. Measured magnetic field data, collected during SS and MHD-EMP 
phenomena are presented. Finally, the GIV waveforms computed fran magnetic field 
measurements are presented. These waveforms are used to compare the effects of 
MHD-EMP and SS-GIV on electric power systems in Section 4. 
Section 3 presents the modeling techniques used to simulate the power system in the 
presence of GIV. Specifically, a model for iron core transformers and a model for 
multiphase transmission lines are presented. These models are based on a time 
domain simulation algorithm similar to the EMTP. The transformer model accurately 
represents magnetic core saturation effects. The transmission line model represents 
effects of tower grounding and substation grounding at the line ends. These model 
characteristics are essential for the accurate simulation of GIV effects. 
Section 4 describes the application of the models (presented in Section 3) for the 
study of the effects of GIV on power systems. The test system selected for this 
study is described first. This system is a simplification of a 500 kV, 473 mile 
long line. Data for this system were provided by Minnesota Power Company. 
The performance of this system in the presence of GIV is studied via parametric 
analysis. Specifically, the steady state currents through the transformer windings 
are computed for different values of tower footing resistance and ground wire 
resistances. 
Next the time constants associated with magnetic core saturation are parametrically 
computed with respect to GIV level, ground wire resistance, and tower footing 
resistance. The results of this study indicate that the transmission line grounding 
parameters have a substantial effect on both steady state currents and saturation 
time constants. Finally, the relative effects of NEDHEMP and SS-GIV are compared. 
For this study, the design waveforms for NED-NAP-GIV and SS-GIV, described in 
Section 2, are used. The level of transformer saturation reached in each case is 
parametrically computed with respect to ground wire and tower footing resistance. 
The following conclusions were reached from this study. 
• For low levels of GIV or short transmission lines, NED-EMF-GIV and SS-GIV 
have comparable effects on power systems When the level of NED-EMP-GIV is 
10 times the level of SS-GIV. 
• For high levels of GIV, the short duration of the NED-EMP-GIV mitigates 
the results only marginally. 
• Thermal effects on power transformers due to MHD -EMP-GIV are less severe 
than those due to SS-GIV. 
Section 2 
DESIGN WAVEFORMS OF GEOMAGNETICALLY INDUCED VOLTAGES FRAM 
SOLAR STORMS (SS-GIV) AND FROM MAGNETOHYDRODYNAMIC 
ELECTROMAGNETIC PULSES (MHD-EMP-GIV) 
2.1 INTRODUCTION 
Electric currents that flow in the molten core of the earth cause its dipole-like 
magnetic field. The magnetic field of the earth interacts with the interplanetary 
magnetic field which is actually an extension of the magnetic field of the sun due 
to the solar wind. The solar wind consists of charged particles, mainly electrons 
and protons (hydrogen ions), emitted from the surface of the sun. Thus, the solar 
wind acts like an extension of the magnetic field of the sun and interacts with the 
earth's magnetic field in a complex manner creating the earth's magnetosphere. 
In addition, interactions of the earth's magnetic field and the solar wind give rise 
to a vast magnetohydrodynamic generator that converts the kinetic energy of the 
solar-wind particles in electric energy which powers the auroral currents or auroral 
electrojets [1,2]. These currents usually follow circular or elliptical paths 
around the geomagnetic poles at altitudes of 100 kilometers or more and produce 
fluctuations in the earth's magnetic field that are termed geomagnetic storms. 
The strength of the geomagnetic storms is strongly related with solar phenomena that 
affect the solar wind. These phenomena are the solar flares, the coronal holes, and 
the disappearing filaments. The severity of the geomagnetic storms strongly depends 
on the intensity of the above mentioned solar effects. Large solar storms can 
produce large variations of the auroral electrojets which produce large variations 
of the geomagnetic field on the earth's surface. The earth as a conducting sphere 
experiences, or portions of it experience, these time varying maanetic fields. 
Varying magnetic fields induce electric potential gradients which are called earth-
surface-potentials (ESP). The earth-surface-potentials can obtain values in the 
range between 1 and 10 volts/km depending on the severity of the geomagnetic storm 
and the earth's conductivity [3,41. The electric power systems are exposed to ESP 
through the grounding grid. Since the ESP has frequency of one to a few millihertz 
the resulting geomagnetically-induced-currents (GIC) can be considered quasi-direct 
currents compared to 50 Hz or 60 Hz of the electrical power system frequency. 
Geomagnetic field variations caused by magnetosphere phenomena will result in an 
induced ESP orthogonal to the field changes. Usually, an idealized east-west 
auroral current will cause field variations in the north-south component of the 
earth's magnetic field, resulting in an east-west induced ESP. Thus, transmission 
lines in the east-west direction are more susceptible to large ESP than transmission 
lines in the north-south direction. However, the auroral currents are not ideally 
east-west and consequently large ESP can be observed in any direction. Several 
analytical methods have been developed to estimate the induced ESP based on 
different modeling of the auroral currents and the earth's conductivity. Due to the 
complexity of the geomagnetic phenomena all these models are approximate and direct 
measurements of the geomagnetic fields seems to be the best choice. 
Geomagnetic disturbances and associated induced earth currents can-also originate 
from the explosion of nuclear bombs at high altitude above the earth's surface 
[5-7]. These explosions result in transient electromagnetic pulses (EMP) which can 
affect the operation of the power and communications systems. There are two basic 
types of electromagnetic pulses due to nuclear explosions. The one is the high 
altitude quick pulse (TEMP) (Tachy-EMP), and the other is the much slower 
magnetohydrodynamic EMP (MHD-EMP). For this report, only the slow MHD-EMP is of 
interest since its effect to power system operation is very similar to solar -storm 
geomagnetically induced currents. Two similar but different magnetic disturbances 
give rise to the MHD-EMP. The first is called magnetic bubble EMP (HEMP) [8]. The 
second is called Atmospheric heave EMP (AEMP) [8]. Due to the nuclear explosion a 
magnetohydrodynamic bubble of ionized conducting debris is formed and expands 
rapidly. Initially the geomagnetic flux inside the bubble is very small. If the 
shell of the magnetic bubble were nonconducting, the expansion of the bubble would 
simply enclose more magnetic flux of the geomagnetic field. However, since the 
bubble is conducting, currents are induced on the shell which counteract the earth's 
magnetic field. Thus, even if the bubble increases in volume the geomagnetic flux 
that encloses remains as small as it was initially. This effect results in a 
compression of the geomagnetic field around the bubble. These changes of the 
geomagnetic field can induce electric fields in the earth which can reach a maximum 
magnitude of 0.1 VA with periods from 2 to 100 seconds [8]. This pulse occurs at 
about 2 to 5 seconds after the nuclear explosion. The second component of the 
MHD-EMP, the atmospheric heave EMP, occurs more than 10 seconds after the explosion. 
This pulse is caused by the atmospheric heave of the bomb-heated ionized air across 
the geomagnetic field. This ionization forms current loops which have mirror images 
in the earth. These perturbations of the geomagnetic field extend out more than 
1250 miles from the source point and last approximately 100 sec. The induced 
electric fields and frequencies are very low between 0.001-0.03 V/m and -.0.01 Hz. 
Several analytical methods have been developed mainly for the study of the fast 
BAP and comparisons of it with the lightning [9-12]. However, there is not much 
available information for theoretical modeling of MHD-EMP. Most of the analytical 
studies for the evaluation of the effects of MHD-EMP on power systems are based on 
measurements of the induced electric field [5,6], or by assuming plane wave 
excitation [13,1C. 
In the following subsections, the most common methods used for the evaluation of the 
ESP due to SS-GIC or MHD-EMP are reviewed. In addition, sample tables of measured 
data are given to be used as design ESP waveforms for the calculation of the effect 
of SS-GIC and MED-EMP on power systems, and for evaluation of several methods 
proposed for the alleviation of these effects. 
2.2 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE TO SOLAR-STORMS 
Several analytical models have been used for the evaluation of the induced electric 
field on the surface of the earth due to the variations of the geomagnetic field. 
These models differ in the representation of the auroral currents and the conduc-
tivity of the earth. The auroral currents are known to be at altitudes between 
100 to 300 km above the earth's surface. These currents can be modeled like current 
line sources or current sheet sources of infinite extend above a flat earth's 
surface. However, the auroral currents have such a spatial extension that they can 
not be considered either a current line or a current sheet. The above assumptions 
though give some estimate of the induced electric field on the earth's surface. 
Specifically, the current line model gives a lower limit while the current sheet 
model gives an upper limit of the induced electric field. Sometimes the auroral 
currents are assumed to be at an infinite distance from the ground. In this case, 
the geomagnetic field is modeled as a plane electromagnetic wave. The conductivity 
of the earth is also difficult to model due to the large variety and inhomogeneity 
of the earth's surface from place to place. The simplest model assumes a flat earth 
surface with a uniform effective conductivity. More sophisticated earth models 
divide the earth's surface in multiple layers, each one having a different 
conductivity. 
The simplest method for modeling the auroral currents is the plane electromagnetic 
wave model [15]. The earth is modeled as a horizontally stratified medium of one or 
more layers of differing conductivities. The incident geomagnetic field is assumed 
to be a linearly polarized, monochromatic plane wave. The electric field on the 
surface of the earth is computed with usual electromagnetic analysis methods. 
In addition, using this technique the surface impedance of the earth, Z s , can be 
computed, where Zs = Ex/Hy (Ex/Hy are the horizontal components of the electric and 
magnetic field on the earth's surface, respectively). This is useful since from 
measurement of the magnetic field, the induced electric field can be estimated. 
Another widely used technique models the auroral currents as an infinite horizontal 
current sheet at a height h above the horizontally also stratified earth of one or 
more layers [15-19]. To solve the problem, the electric and magnetic Hertz vectors 
are commonly used. For the described geometry, these vectors have only one 
component which is perpendicular to the earth's surface and to the auroral current 
sheet. Using the vector Hertz potentials and Maxwell's equations along with the 
corresponding boundary conditions, the electric field on the earth's surface can be 
found. This field is a function of (1) the magnitudes along the two horizontal 
directions of the current sheet (jx  ,jy  ), (2) the radian frequency w of the auroral 
current, (3) the spatial wave numbers of the spectral components of the auroral 
currents, (4) the altitude h of the auroral current, and (5) the characteristics of 
the earth. Even if the described analysis considered a single spectral component, 
there is no loss of generality since by Fourier synthesis any time-dependent source 
current can be written as a linear combination of its spectral components. 
Consequently, the resulting induced electric field will be a linear combination of 
the fields due to the different spectral components. As it was mentioned earlier, 
the current sheet method overestimates the induced electric field on the earth's 
surface. 
The auroral currents can also be modeled as a line current source parallel to the 
earth's surface at an altitude h [15,18,20,21]. Usually, the line is positioned 
in the east-west direction and is assumed positive in the westward direction. 
Earth's surface is modeled like a horizontally stratified medium. The general 
methodology used for the solution of these problems is based on Price's analysis 
[22]. This analysis assumes slow variations of the geomagnetic fields. 
As a result, the second time derivatives in the wave equation are neglected. 
This assumption permits solutions of the magnetic field expressed in terms of the 
gradient of a scalar magnetic potential for the region. above the earth, while the 
electric field solutions are expressed in terms of the time derivative of a vector 
magnetic potential for the earth region. An equivalent procedure consists of 
expressing the electric field as E = e
jwt  G(z)F(x,y), where G and F have to be 
determined for each region from the wave equation and the boundary conditions of 
the problem [(x,y) correspond to the horizontal plane while z is the perpendicular 
coordinate]. Using this procedure the resulting electric and magnetic fields on the 
earth's surface are calculated as functions of the following parameters: (1) the 
magnitude of the auroral current, (2) the radian frequency of the auroral current, 
(3) the altitude h of the auroral current, (4) the difference in latitude between 
the auroral current and the point for which the calculations are made, and (5) the 
surface impedance of the earth Z s [23] which depends on the earth's parameters and 
modeling. Usually, since the magnitude of the auroral currents is not known, an 
estimate of J = 10 5A is used. As it was mentioned previously this method under-
estimates the induced electric field on the earth's surface due to the modeling of 
the auroral currents as a horizontal line current. 
In the described models the auroral currents are modeled as uniform or sinusoidal 
distributions. However, none of these assumptions is very accurate. More sophis-
ticated studies include Gaussian modeling of the electrojet [24,25]. In addition, 
Hibbs et al. have studied nonsymmetric auroral currents distributions [26]. 
Independently of the used model, the complexity of the physical effect of the 
auroral electrojet is difficult to represent. In addition, all the described models 
assume sinusoidal auroral currents. However, if the spectral content of the auroral 
currents was known, these models along with the superposition principle could be 
used for the calculation of the induced electric field. Since the spectral content 
of the auroral currents is not known and, in addition, is varying with time, the 
geomagnetic field is usually measured in several positions in the areas of interest 
using magnetometers. By measuring the magnetic field, the induced electric field 
can be roughly estimated using the plane wave assumption from [4] 
E(t) = - 
OD 
1 	r 	du 
1/2 1/2 
(wp a ) 0 U 
(2-1) 
where E(t) is the horizontal component of the induced electric field, y
o 
is the 
permeability of the freespace, a is the conductivity of the earth, and g is the time 
derivative of the horizontal component of the magnetic field. If the measured data 
are used, the derivative g can be computed numerically and the integral can be 
approximated using the extended Simpson's rule [27] by the following formula 
9  
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0 u 
where D is the data time interval and a j = 0 when j is even and a, 
J 
= 1 when j is 
odd; L is the total number of data points that are considered for the calculation 
of E(t). Using the data measured during May 12-13, 1989, at magnetic Observatory 
Furstenfeldbruck (Figure 2-1, Table 2-1, and Eqs. (2-1) and (2-2)), the induced 
electric field was calculated and its values are summarized in Table 2-2 
(Figure 2-2). 
2.3 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE 
TO MAGNETOHYDRODYNAMIC ELECTROMAGNETIC PULSES 
The effects of the magnetohydrodynamic electromagnetic pulse (MBD-EMP) on power 
system grids are very similar to those of geomagnetic storms. More specifically, 
MED-EMP generates electric fields on the order of 10 -1 V/m (about an order of 
magnitude higher than the geomagnetically-induced electric fields) of frequencies 
less than 1 Hz and of 100-200 sec duration. As it was described preViously, ADID-EMP 
is due to two distinct physical mechanisms, the magnetic bubble (HEMP) and the 
atmospheric heave (AEMP). The early portion of the PIHD-EMP (less than 10 seconds 
after the nuclear explosion) is due to HEMP while the rest of MHD-EMP is due to the 
AEMP [6]. Some estimate of the average induced electric field can be calculated 
using the following arguments [7]. The magnetic bubble, as it expands, pushes the 
geomagnetic field out of its way. The bubble obtains its maximum size when the 
energy of the excluded field equals the initial kinetic energy, T, of the conducting 
shell of the magnetic bubble, neglecting all other loss mechanisms. Thus, the 
following equation can be written [7] 
1 	2 r4 	31 	 2 ,1/3 




where <B2> is the mean squared value of the flux density of the unperturbed 
geomagnetic field, p o is the permeability of freespace, R is the maximum radius of 
the magnetic bubble (assuming spherical bubble), and T is the initial kinetic energy 
of the conducting debris of the bomb. The average power, <P>, of the MHD-EMP can be 
estimated from 
(2-4) 
where f is the conversion efficiency of the kinetic energy, T, in electromagnetic 
power, and At is the duration of the produced electromagnetic pulse. The average 
power density near the bubble can then be found from <P>/4wR
2
. Using the Poynting 
vector, the power density is E
2
/2n, where n is the intrinsic impedance of 
freespace. Using the above arguments, an estimate of the induced electric field can 








Using f = 10-5 , T = 1.76.10
15J (for a 30% yield of a 1.4 Mt bomb [7]), n - 377 0, 
At u 100 sec, and B = 5.10
-5 wb/m2 , an electric field of 0.1 Vim can be estimated. 
The above estimate is based only on the BEMP effect under the rough assumptions made 
above. However, the atmospheric currents due to air ionization produce significant 
portion of the induced electric field. Thus, the most valuable information about a 
MED induced EMP is empirically known from the magnetometer data acquired during 
actual nuclear events as the •Starfish" test conducted in the Pacific. The design 
waveform for the simulation of MHD-EMP is the one measured during the Starfish 
test. The magnetometer data [6] have been used along with iv. (2 -1) to calculate 
the induced electric field that appears in Figure 1 of Reference 5. This electric 
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Figure 2-1: Horizontal Component of Magnetic Field. 
Magnetic Observatory Farstenfeldbruck, May 12-13, 1989. 
TABLE 2.1  
Measurements of the Horizontal Component 
of the Magnetic Flux Density of the Geomagnetic 
Field at the airstenfeldbruck Station 
in 30 Minute Intervals Between May 12-13, 1989 
Time (sec) Horizontal Component 












































TABLE 2.1 (continued) 
Time (sec) Horizontal Component 

















































TABLE 2.1 (continued) 
Time (sec) 	Horizontal Component 
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Figure 2-2: SS-GIC Electric Field. 
Magnetic Observatory Fdrstenfeldbruck, May 12-13, 1989. 
-TABLE 2.2 
Calculated Induced Electric Field (SS-GIC) Using 
the Measurements of Table I and Eqs. (1) and (2) 














































TABLE 2.2 (continued) 
Calculated Induced Electric Field (SS-GIC) Using 
the Measurements of Table I and Eqs. (1) and (2) 















































TABLE 2.2 (continued) 
Calculated Induced Electric Field (SS-GIC) Using 
the Measurements of Table I and Eqs. (1) and (2) 
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Figure 2-3: MHD-EMP Induced Electric Field. 
TABLE LI 
Measured Induced Electric Field (MHD-EMP) 
During the "Starfish" Test 































TRANSMISSION SYSTEM MODEL 
3.1 INTRODUCTION 
This section describes the transmission system model for the study of geomagnetic 
disturbances. The model is based on a time domain simulation algorithm similar to 
the EMTP. Each power system element is modeled with a set of differential equations 
which are solved in the time domain. For the study of geomagnetic disturbances, two 
power system elements are very important: (1) magnetic core transformers and 
(2) long transmission lines. Specifically, long transmission lines provide the gate 
for geomagnetically induced currents to enter the power system. On the other hand, 
magnetic core transformers reach saturation when geomagnetically induced currents 
flow in their windings and cause most of the undesirable effects. This section 
describes in detail these two models. 
3.2 IRON CORE TRANSFORMERS 
Iron core transformers are highly nonlinear devices due to their saturable iron 
magnetic core. A typical iron core magnetization curve is illustrated in 
Figure 3-1. For practical reasons, power transformers are designed in such a way 
that the maximum operating magnetic flux is near the knee of the magnetization 
curve. During normal operating conditions, the magnetic flux oscillates between 
+X
MaX 
and -ate and the magnetization current is symmetric about the zero axis. 
When a DC current is injected through the transformer winding, this symmetry is 
destroyed. In this case, the transformer may operate past the magnetization curve 
knee for portions of the cycle, requiring a high magnetization current to maintain 
the applied voltage. 
This phenomenon is modeled as follows. Consider a single phase. transformer as it is 







(t) + Lludulu/dt + dA(t)/dt 
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Figure 3-1 : Typical Iron Core Magnetization Curve 
(a) 
(b) 
Figure 3-2 : Single Phase Transformer & equivalent 
Circuit 
(a) Transformer 
(b) Per Unit Equivalent Circuit 
im(t) = i 1u (t) + 2u (t) 
where 
v1u (t),v2u (t) are the voltages in per unit 
i1u(t)'i2u(t) are the currents in per unit 
g(•) 	is the magnetization curve 
m
(t) 	is the magnetization current in per unit. 
Three single phase transformers, appropriately connected (wye-delta, etc.), provide 
the model of a three phase transformer. The equations of the power transformer are 
integrated in the time domain. 
3.3 TRANSMISSION LINE MODEL WITH GIV COUPLING 
The transmission line model used in this study is a time domain state space model 
based on the methodology described in Reference 29. It is capable of representing 
transmission line parameter frequency dependence, line tower grounding, as well as 
effects of geomagnetically induced currents (GIC). 
The model is easily interfaced with other time domain models of power system 
components (such as transformers, loads, and generators). Thus the effect of GIC 
phenomena on the integrated power system can be assessed. 
The transmission line model involves two components: 
(1) Overhead conductors and earth return 
(2) Grounding system. 
Consider the transmission line shown in Figure 3-3. 	The section of overhead 
conductors between any two consecutive towers comprise a "conductor component" while 
each tower with its grounding systems is a component of the grounding system. 
Each component is modeled by an equivalent admittance matrix (which is a function 
of frequency) and equivalent current sources. Then, using nodal analysis, the 
equivalent circuit of the entire transmission line and GIC coupling is formed. 
The resulting model is in the form of a passive circuit of known admittance matrix 
and lumped current sources connected at the line terminals. This model is finally 































Figure 3-3 : Transmissin Line Section 
(a) Physical Configuration 






Induced Voltage Due to 
Geomagnetic Current 
The derivation of the conductor and grounding system equivalent circuits are 
presented in the following sections. 
3.3.1 Overhead Conductor Model  
An overhead transmission line conductor section, in the presence of geomagnetically 




 t) = -R 	
ai(x 
i(x,t) - L 	+ v (x,t) . 
ai(x,t) 	 _ c avoc t) -Gv(x,t) ax at 
(3-1) 
where 
✓ line voltage with respect to remote earth (v) 
i 	: line current (A) 
R 	line series resistance (Ohms/meter) 
L : line series inductance (Henries/meter) 
G : line shunt conductance (Siemens/meter) 
C : line shunt capacitance (Farads/meter) 
vg 	component of voltage due to GIC in the direction of the line 
(volts/meter). 
(See Appendix A for a derivation of Eq. (3-1).) 
Since the line parameters are frequency dependent, the solution of the above 









ax -Y(w)V(x,w) , 	 (3-3) 
where 
Z(w) = R(w) + jwL(w) 
Y(w) = G(w) + jwC(w) . 
For overhead transmission lines, several simplifications can be made: 
(1) The conductance term is negligible and thus 
Y(w) 	jwC(w) . 
(2) For a short line span, Vg is assumed constant with respect to 
position, thus 
V (x,w) = V (w ) . 
(3) The resistance and inductance are computed using the complex depth 
of return method. 
(4) The capacitance matrix is independent of frequency. 
For a multiphase line the voltage due to GIC, Vg appears in series with every 
conductor. Thus it is replaced by the vector of the form 
In order to compute the conductor section equivalent circuit, the current is 
eliminated in the equation system (3-2), (3-3), by differentiating Eq. (3-2) with 
respect to x and substituting current with voltage from Eq. (3-3) 
where 
2




K(w) = Z(w)Y(w) . 	 (3-5) 
The solution to the above equation (3-4) is obtained using eigenvalue analysis of 
the matrix K. Specifically, the system is decoupled by the transformation 
V'(x,w) 	
1 
W (w)V(x,w) 	 (3-6) 
where 
E(w) = W( w )D(w)W(w) 
	
(3-7) 
where D(w) is a diagonal matrix containing the eigenvalues of matrix K, and W(w) the 
eigenvector matrix of K(w). 
Applying transformation (3-7) to Eq. (3-4) yields 
a 2V'(x,w)  = D(w)V'(x,w) . 
axe 
The general solution to the above equation is 
V 1 (x,w) = ex/B7577.•A 1  (co) + e-x(5171.•A2(w) 
(3-8) 
(3-9) 
where A 1 ,A2 are constants to be determined by boundary conditions. Specifically, 
V'(o,w) = A 1 (w) + A2 (w) 	 (3-10) 
V' (1.,(0) = e
tVET:Th 
1 	
+ e-t✓D (1) ) A2 (14) . 
Solving for A l and A2 yields 
r zi/5771 -1 tiET:Tv .-v,) A l (w)= Le 	-I] (e 	2 1 
r -27/577 1-1, -t/577. A2 (0 = Le 	-Ij 	
V'-V' 
2 1 )  
(3-11) 
where 
V' = V'(o,u) = 1,1
-1
V(o,w) 
V2 = V'(1,0 = W
-1
V(L,w) 
and t is the line length. 
Thus, Eqs. (3-9) and (3-11) define the voltage at any point of the line given the 
voltages at the line ends. Now, using (3-2), the current is also computed as a 
function of the terminal voltages yielding 
- 
I(x,w) 	1 (w)Vg (w) - zoo 	x
-1 av(x,w)  
a 
(3-12) 
Evaluating the above at the line terminals, (x = 0, and x = 1) yields 
r 
(to) = Z(w) 1 Vg (ca) - Z(w) -1 W(w)1177) A i (6)-1,/37—a) A2 (w)} 
1 2 (w) me Z((0) -1 V (11)) - Z -1 (w)Ww)IiI77) E it A 1 (w)-1/1:047 e-115 (6))A2 (6))1 . 	(3-13) 
The above can be rewritten in matrix form as follows 
1 	z -1 	1(w) 	0 	
V (w)] TY 1  (w) Y 2 (w)] [I7 1 (w) . ] 4   
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is the ith eigenvalue of matrix K(w). 
 
Fran Eq. (3-14), an equivalent circuit can be derived representing a multiphase 
transmission line section in the presence of GIC. Figure 3-4 illustrates the 
equivalent circuit. It consists of a passive circuit whose admittance matrix is 
known and current sources connected at each terminal representing GIC coupling. 
Note that all parameters of the equivalent circuit are frequency dependent. 
Thus the admittance matrix and current source values have to be computed explicitly 
at each frequency of interest. 
3.3.2 Tower Grounding Model  
Each tower and its grounding structure are represented by a step response. It is 
defined as the current flowing into the tower from the neutral wire support point 
when a unit step voltage is applied at the same point. 
The step response of the tower and its grounding system can be determined experi-
mentally [30] or analytically [31,32]. When computed analytically, finite element 
analysis is utilized to solve for the flow of currents in the earth. Then a 
convolution algorithm is utilized to evaluate the tower and ground step response 
[31]. 
The tower model has been validated with data obtained by Bonneville Power 
Administration (BPA). The validation of this model is reported in Reference 32. 
The admittance of the tower and grounding system at any given frequency is computed 
from the step response with an appropriate Fourier transform. 
3.3.3 Integrated Model 
The equivalent circuit of the entire transmission line is constructed by combining 
the equivalent circuits of each conductor section and tower grounding systems. 
The procedure is based on nodal analysis method, where all internal node voltages 
and currents are eliminated, and all internal current sources are represented by 
equivalent current sources at the terminals of the line. The resulting equivalent 
circuit has the same topology as the one for a single line section as illustrated in 
Figure 3-4. 
In order to utilize the developed model in time domain simulation, the equivalent 
circuit parameters are transformed into the time domain. Specifically, the 
admittance matrix of the passive part of the equivalent circuit is transformed to an 
impulse response, and the equivalent current sources (which are also computed as 
functions of frequency) are transformed into time domain waveforms. A discrete 
Fourier transform method is used for this purpose. 
The Snelson transformation is applied before Fourier transformation to minimize 
resulting time domain waveform durations (see Reference 33). Specifically, the 
voltage and current variables are replaced by B and F as follows 





B(w) 	V(w) 	G-1 I(w) 
where G is a real nxn matrix (n = number of conductors), and 
3 -10 
Figure 3-4 : Equivalent Circuit of a Transmission Line Section 
with GIC Coupling 
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Applying the above transformation to Eq. (3-14) yields 
-1 
Z 	(Le)V (w) 
1 3- G(F(t.))—s(c.))) =— —g— — + 	Y(w)(F(w)+B(1.0) . 
Z 
- 
( ti)v (ti) 
Solving for B(w) yields 






M (u) ) 	(G(w)+Y (03)) -1 (G (w )-Y (w) ) F (w ) 
rZ(w)Vg (w)
A (u)) = -2(Y(w)+G(0) -1 
9 	 Z
-1 (w)V (w) 
The matrix M(w) and the vector A
9
(w) are next transformed into time domain functions 








(t) = F tA (3-20) 
The function matrices m(t) and a
9 
 (t) comprise a time domain model of the entire 
transmission line with GIC coupling. Specifically, m(t) contains the impulse 
response of the transmission line (based on Snelson's transformation) and the 
functions a
9 
 (t) represent the GIC effects. These functions are utilized in a 
convolution based algorithm, in order to simulate the operation of transmission 
lines with GIC coupling in the integrated power system. This algorithm is described 
in the following section. 
3.3.4 Convolution Algorithm, 
The transmission line model is cast into the resistive companion form via a discrete 
convolution scheme. This technique allows the model to be interfaced with models of 
other power system components, thus forming a model of an integrated power system. 
(This is the standard methodology followed by several time domain simulation 
programs such as the EMTP and the PSTS programs.) Specifically, the model of a 
transmission line with GIC coupling is represented by the equivalent circuit shown 







Figure 3-5 : Model of Transmission with GIC Coupling 
in the Resistive Companion Form 
current injections on each conductor at the ends of the line. The following 
equation holds for these voltages and currents: 
Y•v(t) = b(t) + b (t) + i(t) 
	
(3-21) 
where Y is the transmission line characteristic admittance matrix, b is the vector 
of currents depending on past history voltages and currents, and b g is the vector of 
currents representing GIC effects. The above equation can be solved by discrete 
time techniques in terms of the impulse response model defined in the previous 
section. Specifically, let vn and in represent the values of the voltage and 
current vectors at the line ends at the n-th time step. Then: 
Yv
n 





Y 	= G[I+S0 ] -1 [I-So ] 
N 
bn-1 = G[I+S ° ]-1 E (15 k-S k-1 )(vn-k - G-lin-k )  k=0 
b, 	= G[I+Snr i, a, 
un ,n 
whereSI . represents the transmission line step respone (at the ith time interval), 
i.e. it is the integral of the impulse response m(t), performed in discrete time. 
The above equation (3-22) is a resistive companion form representation of a 
transmission line with GIC coupling. 	Specifically, the real matrix Y is the 
admittance matrix of a resistive network (block Y in Figure 3-5). The vector bn.. 1 
 represents the past history dependent current sources. The entries of the current 
source vector bn-1 
are computed by discrete convolution as shown in E. (3-22). The 
vector b, are the independent current sources (bg  in Figure 3-5), representing the 
,n 
effects of GIC. 
Using these equations, a transmission line with GIC coupling and its interaction 
with the integrated power system is simulated using the standard methodology for 
power system transient simulation employed by the EMTP and PSIS programs. 
Section 4 
INVESTIGATION OF GEOMAGNETICALLY INDUCED 
EFFECTS ON POWER SYSTEMS 
4.1 INTRODUCTION 
This section describes the application of the power transmission syitem model, for 
the study of geomagnetic disturbances. A test system is selected consisting of a 
500 kV transmission line terminated by delta-wye connected transformers at both 
ends. The response of this system under geomagnetically induced voltages (GIV) is 
investigated. Specifically, a parametric analysis of the system steady state and 
transient response to GIV is performed. The effects of GIV level, duration, and 
transmission system parameters are examined. Finally, the design GIV waveforms 
corresponding to MHD-EMP and SS are applied to the test system and the resulting 
system responses are compared. 
4.2 DESCRIPTION OF THE TEST SYSTEM 
The test system is a simplification of the Minnesota Power Company 500 kV line 
between Dorsey and Minneapolis. Specifically it consists of a 500 kV transmission 
line, terminated by three phase transformer banks at both ends. Figure 4-1 
illustrates a single line diagram of the test system. 
The transmission line data are listed in Table 4-1. During normal operation, the 
sky wires are not electrically connected to the transmission line towers. Tower 
configuration data specifies the location of the center of each phase bundle and 
each sky wire with respect to a Cartesian coordinate system with its origin located 
at the center of the tower base. 
Each of the three phase transformer banks consists of three single phase 
transformers connected DELTA/GROUNDED Y. The grounded Y side is connected on the 
500 kV transmission line (see Figure 4-1). The characteristics of each single phase 
transformer are as follows: 













Tower Footing Resistance 
473 miles 





Transmission Line Data 
GENERAL DATA 
CONDUCTOR DATA 














TOWER CONFIGURATION DATA 
Conductor x - coordinate 
(feet) 
y - coordinate 
(feet) 
Phase A -32.0 97.5 
Phase B 0.0 97.5 
Phase C 32.0 97.5 
Sky Wire 1 -35.0 129.5 
Sky Wire 2 35.0 129.5 











Figure 4-1 :Test System 
a) Single Line Diagram 
b) Three Phase Diagram 
LI -3 
Transformer saturation is modeled as described in Section 3.2. The transformer core 
magnetization characteristics are described by a piecewise -linear function which is 
tabulated in Table 4-2. (The same data are plotted in Figure 3-1.) 
The response of the described system is computed assuming a geomagnetically induced 
voltage (GIV) of step function waveform. Three cases are simulated with different 
GIV levels as follows: 
1. 1.0 volts per mile 
2. 10.0 volts per mile 
3. 100.0 volts per mile. 
The effects of GIV to the test system are assessed as follows: First, the steady 
state direct current through the transformer is computed for the above GIV levels 
and various values of line parameters. Next, the transient response of the trans-
former excitation current is computed for the above GIV levels to determine the time 
constants involved to reach saturation. Finally, the design GIV waveform from 
MRD-EMP and solar storms are applied to the test system to determine the relative 
effects. The results of this study are described in the following sections. 
4.3 COMPUTATION OF STEADY STATE RESPONSE 
This section presents the computation of the steady state response of the test 
system under GIC excitation. In order to gain insight in the system parameters that 
determine the system behavior under GIC excitation, a simple approach is used first. 
Specifically, an equivalent DC model of the system is constructed. Using, this 
simple model, the magnitude and distribution of geomagnetically induced currents are 
evaluated. 
The DC model of the test system is constructed by considering only the resistances 
of each system component. Specifically, an equivalent circuit is constructed 
containing the DC models of the transformers, transmission line, grounding system, 
and geomagnetic voltage. This circuit is illustrated in Figure 4-2. The equivalent 
circuits of each component are described next. 
The transformers are represented by their winding resistances. Specifically, the 
windings of the Y connected (high voltage) side of the transformer exhibit three 
parallel paths to the flow of the electric current injected at the transformer 
neutral. Assuming that the windings are identical, the equivalent resistance is 1/3 
of the winding resistance of each high voltage winding. 
Table 442_ 
Transformer Magnetization Characteristics 
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Figure 4-2 : DC Equivalent Circuit of Test System 
C7. 
The transmission line is represented by a DC equivalent circuit. Each of the phase 
wires is represented by a resistance equal to the total DC resistance of the phase 
conductor. 
The neutral wire is represented by its DC resistance. The neutral wire may or may 
not be multiply grounded. Figure 4-2 illustrates the tower footing grounding which 
is represented by its DC resistance. 
The substation grounds at each line end are represented by 1 Ohm resistances, 
connected from the transformer Y side neutral to remote earth. 
Finally, the equivalent circuit of the earth containing the geomagnetically induced 
voltage is represented by a series of Thevenin equivalent circuits connected between 
consecutive tower grounds and substation grounds. Thus, for each line segment, a 
separate Thevenin equivalent of the earth is used. Each Thevenin equivalent 
consists of a voltage source representing the geomagnetically induced voltage, and a 
resistor representing the earth path resistance. The earth path resistance is 
highly dependent on frequency. The earth path resistance computed at 0.6 Hz was 
used. 
The above model was employed to study the effects of multiply grounded ground wires 
on the steady state direct current through the transformer winding. The following 
values were used for the parametric study: 
GIV 
Earth path resistance 
Tower footing resistance 
Tower spacing 
Equivalent phase conductor resistance 
Ground conductor resistance 
Total line length 
1 Volt/mile 
0.001 Ohm/mile 
5, 30, 100, A infinite Ohms 
0.25 mile 
0.00889 Ohms/mile 
4.435 & 1.240 Ohms/mile 
473 miles 
The results of the parametric study are illustrated in Figure 4-3. The 
self explanatory. Note that there is a substantial effect of the line 
parameters on the steady state value of the direct current through the transformer. 
A well grounded transmission line will mitigate the DC current through the 
transformer by 50%. 
figure is 
grounding 
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Tower Footing Resistance (Ohms) 
Figure 4-3 : Steady State Direct Current through 
Transformer Winding 
4.4 COMPUTATION OF TIME CONSTANTS TO SATURATION 
The described model of the test system was simulated in the time domain to determine 
the time constants involved to reach steady state operation. Specifically, the time 
constants were defined as the time required to reach 63% of its steady state value. 
Figure 4-4 illustrates a typical simulation and the definition of the time constant. 
The figure also illustrates the parameters of the simulation as well. 
the time constants were computed for various parameters as follows: 
GIV 	1, 10, 100 Volts/mile 
Earth Path Resistance 
Tower Footing Resistance 
Tower Spacing 
Equivalent Phase Conductor Resistance 
Ground Conductor Resistance 
Total Line Length 
• 
0.001 ohms/mile 
5, 30, 100 infinite ohms 
0.25 miles 
0.00889 ohms/mile 
4.435 & 1.240 ohms/mile 
473 miles 
The results of the parametric study are illustrated in Table 4-3. Note the wide 
variation of time constants (145 seconds to 2.3 seconds). System parameters 
drastically affect time constants. 
4.5 COMPARISON OF SATURATION LEVELS DUE TO MED -EMP AND SS-GIC 
An important test which determines the relative effects of MHD-EMP and SS-GIC on 
power systems is the level of saturation reached due to typical values of GIV from 
MHD-EMP or SS. For this test the following two comparable strength MHD-EMP and 
SS-GIV will be assumed: 
Case 1. The geomagnetically induced voltage due to MHDEMP has a time 
variation as in Figure 2-3 and a peak value of 100 volts/mile. 
The geomagnetically induced voltage due to a solar storm is 
practically DC and has a maximum value of 10 volts/mile. 
Case 2. Same as in Case 1 except that the peak values are 10 and 
1 volt(s)/mile, respectively. 
The maximum levels of saturation were computed for the following range of 
parameters. 
Tower footing resistance 
Tower spacing 
Equivalent phase conductor resistance 
Ground conductor resistance 
Total line length 
5, 30, 100 & infinite ohms 
0.25 mile 
0.00889 ohms/mile 
4.435 & 1.240 ohms/mile 
473 miles 
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Table 4.3: Test System Time Constant to Saturation * (in seconds) 
Versus GIV Level, Tower Footing Resistance (Rt), 
and Ground Wire Resistance (R 9 ) 
G.I.V. 
1 V 	/ mile 10 V 	/ mile 100 V 	/ mile 
Rg 4.435 1.24 4.435 1.24 4.435 1.24 
Rt 
5 120 145 13.0 16.0 :2.8 3.1 
30 98 109 11.2 12.5 2.5 2.6 
100 93 96 10.6 11.4 2.4 2.5 
inf 85 85 10.0 10.0 2.3 2.3 
* 	lime Constant to Saturation is defined as the time required 
for the transformer magnetization current to reach 63.2% 
of its steady state value. 
The results are illustrated in Tables 4-4 and 4-5. Note that for Case 2, even if 
the MHD-EMP-GIV is ten times higher than SS-GIV, the maximum saturation level is 
comparable. For Case 1, the saturation level is much higher for MHD-EMP excitation. 
The implication of these results are as follows: 
Heating: 	Transformer thermal time constants are on the order of hours [33]. 
Specifically, Reference 33 reports on measured thermal time constants of a distri-
bution transformer. The time constants have been measured by applying step loads on 
the transformer. Figure 4-5 is reproduced from Reference 53. It clearly illus-
trates the relatively long thermal time constants. Thus, thermal heating is 
probably not a major consideration for GIV excitation due to MHD-EMP because of its 
relatively short duration of high DC offset flux. As a matter of fact, simulations 
show that saturation in this case lasts several hours. In this case, heating 
becomes a major consideration. 
Loss of Equipment: 	Due to GIV excitation (SS or MHD-EMP), transformers become 
generators of harmonics and absorbers of reactive power. 	Protective relaying, 
sensing this situation, may trip the transformer. In this case, irrespective of the 
duration of the GIV excitation, loss of equipment will occur' with possibly major 
consequences such as the Hydro-Quebec blackout. 
4.6 CONCLUSIONS 
A comprehensive model for studying the effects of geomagnetically induced voltages 
on power systems has been developed. The model has been used to study the time 
constants involved in reaching transformer saturation due to GIV and the saturation 
level versus system parameters. 
The most important parameters determining the effects of GIV on power systems are: 
1. Level of GIV 
2. Duration of GIV 
3. Tower grounding impedance 
4. Ground wire resistance. 
Comparative studies of MHD-EMP-GIV and SS-GIV indicate that (1) for low values of 
GIV, an MED -EMP level of 10 times the SS-GIV will cause comparable effects, and 
(2) for high values of GIV, the short duration of the MED -EMP mitigates the results 
only marginally. Since transformer thermal constants are much larger than the 
duration of MHD-EMP, the general conclusion is that the thermal effects due to 
MHD-EMP induced voltages on power systems are less severe than those due to solar 
storm GIV. 
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Table 4-4: Maximum DC Offset Magnetic Flux (in pu) 
in Transformer Core, 
Case 1 
SS GIV = 	1V / mile MHD-EMP 	GIV = 10V/mi 
Aug 4.435 1425 4.435 1.25 
Rt  
5 0.129 0.128 0.142 0.136 
30 0.130 0.129 0.143 0 - 14- 0 
100 0.130 0.130 0.144 0.143 
inf 0.130 0.130 0.146 0.146 
Table 4-5: Maximum DC Offset Magnetic Flux (in pu) 
in Transformer Core. 
Case 2 
o 
SS-GIV = i XV / mile MHD-EMI' 	GIV =
too 
 OVirni 
Pig 4.435 1.X25 4.435 1.25 
Rt 	N, 
5 0.147 0.143 
30 0.150 0.147 0.300 0.281 
100 0.151 0.149 0.298 














Figure,. Simulated and Measured Top Oil Temperature Rise. 
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Appendix A 
DERIVATION CF TRANSMISSION LINE EQUATIONS 
IN THE PRESENCE CF GIC 
Consider an infinitesimal segment of overhead conductor Ax. It is characterized by 
an inductance, L' = LAx, resistance, R' = RAx, and shunt capacitance, C' = CAx. 
Assuming that EMPIGIC related electromagnetic fields are slowly varying their direct 
effect on the line is negligible. However, a substantial voltage can develop along 
the line direction on the earth surface, due to GIC. Assume that the earth 
potential difference across the line length, Ax, due to GIC is V •Ax. The 
equivalent circuit of the line segment is shown in Figure A-1. 
di g v2 - v 1 = -R'i2 - L' dt + v •Ax 
i2 - i 1 	1 	dt = - C' 
v2  -v1 
= Av 
i 2 - i 1 = Ai 
di 
 Av = -Ri2 	+ vg Ax 	 dt 
du 1 Ai = -Gv 1 - C Ax 	 dt 
taking limit as 
Ax+ 0 
i 1 + i 2
A
i 
v1 v2 v 




av 	 di 
-Ri - L — + v ax dt 	g 
3i 	 dv IT, -Gv - C 	. 
where: 
v = v(x,t) s voltage of point on transmission line located at-distance x from 
line end, with respect to remote earth voltage 
i = i(x,t) : current at point of transmission line located at distance x from 
line end 
line series resistance per unit of length 
L 	 = line series inductance per unit of length 
C 	 = line shunt capacitance per unit of length 
G 	 m line shunt conductance per unit of length 
v
g 	
m geomagnetically induced earth surface voltage component along 
the direction of the line, per unit of length 
L' 	R' 
	
i 2  
Figure A-1 : Equivalent Circuit of Short Line Segment 
in the Presence of Geomagneticaly 
Induced Voltage on the Earth Surface, 
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ABSTRACT 
A comparative sutdy of the effects of solar storm geomagnetically induced currents (SS-GIC) and nuclear 
detonation induced currents (MHD-EMP-GIC) on the power system is presented. The study is based on the 
assumption that the earth surface electric field of the MED electromagnetic pulse is on the order of 100 V/km, with 
a duration up to several minutes; and the electric field of the solar storms is on the order of 10 V/km, and lasts 
from several minutes to one hour. Both phenomena cause flow of almost direct current in the windings of power 
transformers through the grounding system. For long transmission lines, i.e. 300 miles or longer, this DC 
current offsets the 60 Hz AC and may saturate transformer cores, with secondary results such as high 
magnetization currents, increased harmonics, and concomitant effect on power system operation. The level of the 
transformer core saturation depends on the time constant of the saturation process, and on the duration and 
magnitude of the direct current through the transformer windings. Thus, although the solar storm electric field is 
much lower than MED-:EMP, the solar storm effects on the power system are comparable due to their long 
duration. A technique for the computation of the induced and/or transferred voltages and currents to an electric 
power system from geomagnetic disturbances is presented. Models of transmission lines which explicitly 
represent grounding, earth potential, and frequency dependent phenomena, and power transformers which 
explicitly represent nonlinear magnetization characteristics, are utilized. 




This study consisted of quantifying typical levels of solar storm (SS) geomagnetically induced currents and those 
resulting from magnetohydrodynamic electromagnetic pulse (MHD-EMP). The conclusion is that SS-GIC are 
about one-tenth the magnitude of MHD-EMP-GIC but they last much longer. For the purposes of the study, 
SS-GIC is considered to be constant (DC) while a design waveform was assumed for MHD-EMP-GIC (see 
Figure 2-3 of the report). 
A model of the electric power system was developed which includes coupling of the electric power system to 
geomagnetically induced voltages. This model was utilized in the study. 
The most important parameters determining the effects of GIV on power systems are:: 
1. Level of GIV 
2. Duration of GIV 
3. Tower grounding impedance 
4. Ground wire resistance. 
Comparative studies of MHD-EMP and SS-GIV indicate that (1) for low values of GIV, an MHD-EMP level of 
10 times the SS-GIV will cause comparable effects, and (2) for high values of GIV, the short duration of the 
MHD-EMP mitigates the results only marginally. Since transformer thermal constants are much larger than the 
duration of MHD-EMP, the general conclusion is that the thermal effects due to MBD-EMP induced voltages on 
power systems are less severe than those due to solar storm GIV. 
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Section 1 
INTRODUCTION AND OBJECTIVE 
1.1 INTRODUCTION 
The objective of this project is to investigate the level of induced and/or 
transferred voltages and currents to an electric power system from (1) geomagnetic 
disturbances due to MHD-EMP and (2) GIC due to solar storms, SS-GIC. Subsequently, 
a comparison of the effects of MHD-EMP and SS-GIC have been performed. 
MHD-EMP is an electromagnetic pulse with very low amplitude which results from 
geomagnetic disturbances caused by high altitude nuclear detonation. The electric 
field magnitude is on the order of 100 V/km, low frequency and lasts for several 
minutes. Similar geomagnetic disturbances are caused by solar storms and result in 
electric field magnitudes on the order of 10 V/km, low frequency and last from 
minutes to an hour. Both phenomena cause the flow of almost DC current in the 
windings of power transformers through the grounding system. Because of the 
nonlinear magnetization characteristics of the power transformers, the flow of the 	1 
low frequency electric currents may cause serious secondary results, such as high 
magnetization currents due to saturation, abnormal reactive power requirements, and 
disruption of operation. Presently, it is not clear which disturbance (the high 
magnitude short duration MHD-EMP or the low magnitude long duration SS-GIC) is the 
most severe to a power system. A system approach has been adopted to address these 
problems, and to determine at what level saturation is reached. 
The objectives of the project have been attained with a two step procedure: In the 
first step a model of an electric power transmission line including grounding and 
MHD-EMP or solar storm coupling has been developed. The basic methodology utilized 
for this step is described in Sections 2 and 3. Since the coupling of MHD-EMP or 
solar storm induced voltages to power lines is mainly through the line grounding 
system, it is important to accurately model the power line tower grounding as well 
as the terminal substation grounding system. For this purpose, the EPRI grounding 
models developed by Georgia Tech have been utilized. The form of the transmission 
line model is in terms of a multiple input-multiple output linear system. 
The second step involves integration of the model developed in the first step into 
the EPRI computer model ADCFLT. This computer model is.a time domain model similar 
to the EMTP. allows modeling of an integrated power system, power system 
grounding, and the nonlinear magnetization characteristics of power transformers. 
Using this model, system studies have been performed to determine transformer 
magnetization currents and reactive power requirements. Of special importance 
is the degree of saturation of power transformers due to these phenomena. This 
information can be utilized to analyze transformer performance such as eddy losses 
in steel members, conductors, and leads. A test system has been utilized provided 
by Minnesota Power Company. 
1.2 REPORT OUTLINE AND MAJOR CONCLUSIONS 
Section 2 describes the investigation of the waveforms of geomagnetically induced 
voltages (GIV) resulting from solar storms (SS) and nuclear bomb explosions 
(MHD-EMP). The mechanism associated with the generation of GIV is briefly 
described. Next, models for predicting GIV waveforms from magnetic field measure-
ments are discussed. Measured magnetic field data, collected during SS and MHD-EMP 
phenomena are presented. Finally, the GIV waveforms computed from magnetic field 
measurements are presented. These waveforms are used to compare the effects of 
MHD-EMP and SS-GIV on electric power systems in Section 4. 
Section 3 presents the modeling techniques used to simulate the power system in the 
presence of GIV. Specifically, a model for iron core transformers and a model for 
multiphase transmission lines are presented. These models are based on a time 
domain simulation algorithm similar to the EMTP. The transformer model accurately 
represents magnetic core saturation effects. The transmission line model represents 
effects of tower grounding and substation grounding at the line ends. These model 
characteristics are essential for the accurate simulation of GIV effects. 
Section 4 describes the application of the models (presented in Section 3) for the 
study of the effects of GIV on power systems. The test system selected for this 
study is described first. This system is a simplification of a 500 kV, 473 mile 
long line. Data for this system were provided by Minnesota Power Company. 
The performance of this system in the presence of GIV is studied via parametric 
analysis. Specifically, the steady state currents through the transformer windings 
are computed for different values of tower footing resistance and ground wire 
resistances. 
Next the time constants associated with magnetic core saturation are parametrically 
computed with respect to GIV level, ground wire resistance, and tower footing 
resistance. The results of this study indicate that the transmission line grounding 
parameters have a substantial effect on both steady state currents and saturation 
time constants. Finally, the relative effects of MHD-EMP and SS-GIV are compared. 
For this study, the design waveforms for MHD-EMP-GIV and SS-GIV, described in 
Section 2, are used. The level of transformer saturation reached in each case is 
parametrically computed with respect to ground wire and tower footing resistance. 
The following conclusions were reached from this study. 
• For low levels of GIV or short transmission lines, MHD-EMP-GIV and SS-GIV 
have comparable effects on power systems when the level of MHD-EMP-GIV is 
10 times the level of SS-GIV. 
• For high levels of GIV, the short duration . of the MHD-EMP-GIV mitigates 
the results only marginally. 
• Thermal effects on power transformers due to MHD-EMP-GIV are less severe 
than those due to SS-GIV. 
Section 2 
DESIGN WAVEFORMS OF GEOMAGNETICALLY INDUCED VOLTAGES FROM 
SOLAR STORMS (SS-GIV) AND FROM MAGNETOHYDRODYNAMIC 
ELECTROMAGNETIC PULSES (MHD-EMP-GIV) 
2.1 INTRODUCTION 
Electric currents that flow in the molten core of the earth cause its dipole-like 
magnetic field. The magnetic field of the earth interacts with the interplanetary 
magnetic field which is actually an extension of the magnetic field of the sun due 
to the solar wind. The solar wind consists of charged particles, mainly electrons 
and protons (hydrogen ions), emitted from the surface of the sun. Thus, the solar 
wind acts like an extension of the 'magnetic field of the sun and interacts with the 
earth's magnetic field in a complex manner creating the earth's magnetosphere. 
In addition, interactions of the earth's magnetic field and the solar wind give rise 
to a vast magnetohydrodynamic generator that converts the kinetic energy of the 
solar-wind particles in electric energy which powers the auroral currents or auroral 
electrojets [1,2]. These currents usually follow circular or elliptical paths 
around the geomagnetic poles at altitudes of 100 kilometers or more and produce 
fluctuations in the earth's magnetic field that are termed geomagnetic storms. 
The strength of the geomagnetic storms is strongly related with solar phenomena that 
affect the solar wind. These phenomena are the solar flares, the coronal holes, and 
the disappearing filaments. The severity of the geomagnetic storms strongly depends 
on the intensity of the above mentioned solar effects. Large solar storms can 
produce large variations of the auroral electrojets which produce large variations 
of the geomagnetic field on the earth's surface. The earth as a conducting sphere 
experiences, or portions of it experience, these time varying magnetic fields. 
Varying magnetic fields induce electric potential gradients which are called earth-
surface-potentials (ESP). The earth-surface-potentials can obtain values in the 
range between 1 and 10 volts/km depending on the severity of the geomagnetic storm 
and the earth's conductivity [3,4]. The electric power systems are exposed to ESP 
through the grounding grid. Since the ESP has frequency of one to a few millihertz 
the resulting geomagnetically-induced-currents (GIC) can be considered quasi-direct 
currents compared to 50 Hz or 60 Hz of the electrical power system frequency. 
Geomagnetic field variations caused by magnetosphere phenomena will result in an 
induced ESP orthogonal to the field changes. Usually, an idealized east-west 
auroral current will cause field variations in the north-south component of the 
earth's magnetic field, resulting in an east-west induced ESP. Thus, transmission 
lines in the east-west direction are more susceptible to large ESP than transmission 
lines in the north-south direction. However, the auroral currents are not ideally 
east-west and consequently large ESP can be observed in any direction. Several 
analytical methods have been developed to estimate the induced ESP based on 
different modeling of the auroral currents and the earth's conductivity. Due to the 
complexity of the geomagnetic phenomena all these models are approximate and direct 
measurements of the geomagnetic fields seems to be the best choice. 
Geomagnetic disturbances and associated induced earth currents can also originate 
from the explosion of nuclear bombs at high altitude above the earth's surface 
[5-7]. These explosions result in transient electromagnetic pulses (EMP) which can 
affect the operation of the power and communications systems. There are two basic 
types of electromagnetic pulses due to nuclear explosions. The one is the high 
altitude quick pulse (TEMP) (Tachy-EMP), and the other is the much slower 
magnetohydrodynamic EMP (MHD-EMP). For this report, only the slow MHD-EMP is of 
interest since its effect to power system operation is very similar to solar-storm 
geomagnetically induced currents. Two similar but different magnetic disturbances 
give rise to the MHD-EMP. The first is called magnetic bubble EMP (BEMP) [8]. The 
second is called Atmospheric heave EMP (AEMP) [8]. Due to the nuclear explosion a 
magnetohydrodynamic bubble of ionized conducting debris is formed and expands 
rapidly. Initially the geomagnetic flux inside the bubble is very small. If the 
shell of the magnetic bubble were nonconducting, the expansion of the bubble would 
simply enclose more magnetic flux of the geomagnetic field. However, since the 
bubble is conducting, currents are induced on the shell which counteract the earth's 
magnetic field. Thus, even if the bubble increases in volume the geomagnetic flux 
that encloses remains as small as it was initially. 	This effect results in a 
compression of the geomagnetic field around the bubble. 	These changes of the 
geomagnetic field can induce electric fields in the earth which can reach a maximum 
magnitude of 0.1 V/m with periods from 2 to 100 seconds [8]. This pulse occurs at 
About 2 to 5 seconds after the nuclear explosion. The second component of the 
MHD-EMP, the atmospheric heave EMP, occurs more than 10 seconds after the explosion. 
This pulse is caused by the atmospheric heave of the bomb-heated ionized air across 
the geomagnetic field. This ionization forms current loops which have mirror images 
in the earth. These perturbations of the geomagnetic field extend out more than 
1250 miles from the source point and last approximately 100 sec. The induced 
electric fields and frequencies are very low between 0.001-0.03 V/m and -0.01 Hz. 
Several analytical methods have been developed mainly for the study of the fast 
EMP and comparisons of it with the lightning [9-12]. However, there is not much 
available information for theoretical modeling of MHD-E4P. Most of the analytical 
studies for the evaluation of the effects of MHD-EMP on power systems are based on 
measurements of the induced electric field [5,6], or by assuming plane wave 
excitation [13,14]. 
In the following subsections, the most common methods used for the evaluation of the 
ESP due to SS-GIC or MHD-EMP are reviewed. In addition, sample tables of measured 
data are given to be used as design ESP waveforms for the calculation of the effect 
of SS-GIC and MED-EMP on power systems, and for evaluation. of several methods 
proposed for the alleviation of these effects. 
2.2 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE TO SOLAR-STORMS 
Several analytical models have been used for the evaluation of the induced electric 
field on the surface of the earth due to the variations of the geomagnetic field. 
These models differ in the representation of the auroral currents and the conduc-
tivity of the earth. The auroral currents are known to be at altitudes between 
100 to 300 km above the earth's surface. These currents can be modeled like current 
line sources or current sheet sources of infinite extend above a flat earth's 
surface. However, the auroral currents have such a spatial extension that they can 
not be considered either a current line or a current sheet. The above assumptions 
though give some estimate of the induced electric field on the earth's surface. 
Specifically, the current line model gives a lower limit while the current sheet 
model gives an upper limit of the induced electric field. Sometimes the auroral 
currents are assumed to be at an infinite distance from the ground. In this case, 
the geomagnetic field is modeled as a plane electromagnetic wave. The conductivity 
of the earth is also difficult to model due to the large variety and inhomogeneity 
of the earth's surface from place to place. The simplest model assumes a flat earth 
surface with a uniform effective conductivity. More sophisticated earth models 
divide the earth's surface in multiple layers, each one having a different 
conductivity. 
The simplest method for modeling the auroral currents is the plane electromagnetic 
wave model [15]. The earth is modeled as a horizontally stratified medium of one or 
more layers of differing conductivities. The incident geomagnetic field is assumed 
to be a linearly polarized, monochromatic plane wave. The electric field on the 
surface of the earth is computed with usual electromagnetic analysis methods. 
In addition, using this technique the surface impedance of the earth, Z s , can be 
computed, where Z s = EX  /11..y  (EX/Hy are the horizontal components of the electric and 
magnetic field on the earth's surface, respectively). This is useful since from 
measurement of the magnetic field, the induced electric field can be estimated. 
Another widely used technique models the auroral currents as an infinite horizontal 
current sheet at a height h above the horizontally also stratified earth of one or 
more layers [15-19]. To solve the problem, the electric and magnetic Hertz vectors 
are commonly used. For the described geometry, these vectors have only one 
component which is perpendicular to the earth's surface and to the auroral current 
sheet. Using the vector Hertz potentials and Maxwell's equations along with the 
corresponding boundary conditions, the electric field on the earth's surface can be 
found. This field is a function of (1) the magnitudes along the two horizontal 
directions of the current sheet (jx ,j y ), (2) the radian frequency w of the auroral 
current, (3) the spatial wave numbers of the spectral components of the auroral 
currents, (4) the altitude h of the auroral current, and (5) the characteristics of 
the earth. Even if the described analysis considered a single spectral component, 
there is no loss of generality since by Fourier synthesis any time-dependent source 
current can be written as a linear combination of its spectral components. 
Consequently, the resulting induced electric field will be a linear combination of 
the fields due to the different spectral components. As it was mentioned earlier, 
the current sheet method overestimates the induced electric field on the earth's 
surface. 
The auroral currents can also be modeled as a line current source parallel to the 
earth's surface at an altitude h [15,18,20,21]. Usually, the line is positioned 
in the east-west direction and is assumed positive in the westward direction. 
Earth's surface is modeled like a horizontally stratified medium. The general 
methodology used for the solution of these problems is based on Price's analysis 
[22]. This analysis assumes slow variations of the geomagnetic fields. 
As a result, the second time derivatives in the wave equation are neglected. 
This assumption permits solutions of the magnetic field expressed in terms of the 
gradient of a scalar magnetic potential for the region above the earth, while the 
electric field solutions are expressed in terms of the time derivative of a vector 
magnetic potential for the earth region. An equivalent procedure consists of 






(x,y), where G and F
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 have to be 
determined for each region from the wave equation and the boundary conditions of 
the problem [(x,y) correspond to the horizontal plane while z is the perpendicular 
coordinate]. Using this procedure the resulting electric and magnetic fields on the 
earth's surface are calculated as functions of the following parameters: (1) the 
magnitude of the auroral current, (2) the radian frequency of the auroral current, 
(3) the altitude h of the auroral current, (4) the difference in latitude between 
the auroral current and the point for which the calculations are made, and (5) the 
surface impedance of the earth Zs [23] which depends on the earth's parameters and 
modeling. Usually, since the magnitude of the auroral currents is not known, an 
estimate of J = 10 5A is used. As it was mentioned previously this method under-
estimates the induced electric field on the earth's surface due to the modeling of 
the auroral currents as a horizontal line current. 
In the described models the auroral currents are modeled as uniform or sinusoidal 
distributions. However, none of these assumptions is very accurate. More sophis-
ticated studies include Gaussian modeling of the electrojet [24,25]. In addition, 
Hibbs et al. have studied nonsymmetric auroral currents distributions [26]. 
Independently of the used model, the complexity of the physical effect of the 
auroral electrojet is difficult to represent. In addition, all the described models 
assume sinusoidal auroral currents. However, if the spectral content of the auroral 
currents was known, these models along with the superposition principle could be 
used for the calculation of the induced electric field. Since the spectral content 
of the auroral currents is not known and, in addition, is varying with time, the 
geomagnetic field is usually measured in several positions in the areas of interest 
using magnetometers. By measuring the magnetic field, the induced electric field 
can be roughly estimated using the plane wave assumption from [4] 
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where E(t) is the horizontal component of the induced electric field, p o 
is the 
permeability of the freespace, a is the conductivity of the earth, and g is the time 
derivative of the horizontal component of the magnetic field. If the measured data 
are used, the derivative g can be computed numerically and the integral can be 
approximated using the extended Simpson's rule [27] by the following formula 
D1/24 g(t)+g(t-D).1. 	L (1+a.) 
3II7(j+1)In  J 2L-1 ' ) du 	 2 r1/2 	 3 j=1 	(ji-1) 1/2 	' 0 u 
(2-2) 
whereDisthedatatimeintervaland. a3 =0 when j :Ls even and a. = 1 when j is 
odd; L is the total number of data points that are considered for the calculation 
of E(t). Using the data measured during May 12-13, 1989, at magnetic Observatory 
.• 
Furstenfeldbruck (Figure 2-1, Table 2-1, and Eqs. (2-1) and (2-2)), the induced 
electric field was calculated and its values are summarized in Table 2-2 
(Figure 2-2). 
2.3 DESIGN EARTH SURFACE POTENTIAL WAVEFORMS DUE 
TO MAGNETOHYDRODYNAMIC ELECTROMAGNETIC PULSES 
The effects of the magnetohydrodynamic electromagnetic pulse (MHD-EMP) on power 
system grids are very similar to those of geomagnetic storms. More specifically, 
MHD-EMP generates electric fields on the order of 10 -1 V/m (about an order of 
magnitude higher than the geomagnetically-induced electric fields) of frequencies 
less than 1 Hz and of 100-200 sec duration. As it was described previously, MHD-EMP 
is due to two distinct physical mechanisms, the magnetic bubble (BEMP) and the 
atmospheric heave, (AEMP). The early portion of the MHD-EMP (less than 10 seconds 
after the nuclear explosion) is due to BEMP while the rest of MHD-EMP is due to the 
AEMP [6]. Some estimate of the average indUced electric field can be calculated 
using the following arguments [7]. The magnetic bubble, as it expands, pushes the 
geomagnetic field out of its way. The bubble obtains its maximum size when the 
energy of the excluded field equals the initial kinetic energy, T, of the conducting 
shell of the magnetic bubble, neglecting all other loss mechanisms. Thus, the 
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y <B2 (2-3) 
where <B2> is the mean squared value of the flux density of the unperturbed 
geomagnetic field, p
o 
is the permeability of freespace, R is the maximum radius of 
the magnetic bubble (assuming spherical bubble), and T is the initial kinetic energy 
of the conducting debris of the bomb. The average power, <P>, of the MHD-EMP can be 
estimated from 
fT 
<P> = 	, 
At 
(2-4) 
where f is the conversion efficiency of the kinetic energy, T, in electromagnetic 
power, and At is the duration of the produced electromagnetic pulse. The average 
power density near the bubble can then be found from <P>/41TR
2 . Using the Poynting 
vector, the power density is E
2
/2n, where n is the intrinsic impedance of 
freespace. Using the above arguments, an estimate of the induced electric field can 









Using f = 10 -5 , T = 1.76-10 15J (for a 30% yield of a 1!.4 Mt bomb [ 7 ]). n = 377 Of 
At = 100 sec, and B = 5.10-5 wb/m2 , an electric field of 0.1 V/m can be estimated. 
The above estimate is based only on the HEMP effect under the rough assumptions made 
Above. However, the atmospheric currents due to air ionization produce significant 
portion of the induced electric field. Thus, the most valuable information about a 
MHD induced EMP is empirically known from the magnetometer data acquired during 
actual nuclear events as the "Starfish" test conducted in the Pacific. The design 
waveform for the simulation of MHD-EMP is the one measured during the Starfish 
test. The magnetometer data [6] have been used along with Eq. (2-1) to calculate 
the induced electric field that appears in Figure 1 of Reference 5. This electric 
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Figure 2-1: Horizontal Component of Magnetic Field. 
Magnetic Observatory FQrstenfeldbruck, May 12-13, 1989. 
TABLE 2.1 
Measurements of the Horizontal Component 
of the Magnetic Flux Density of the Geomagnetic 
Field at the Farstenfeldbruck Station 
in 30 Minute Intervals Between May 12-13, 1989 
Time (sec) Horizontal Component 












































TABLE 2.1 (continued) 
Time (sec) 	Horizontal Component 

















































TABLE 2.1 (continued) 
Time (sec) 	Horizontal Component 
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Figure 2-2: SS-GIC Electric Field. 
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TABLE 2.2  
Calculated Induced Electric Field (SS-GIC) Using 
the Measurements of Table I and Eqs. (1) and (2) 














































TABLE 2.2 (continued) 
Calculated Induced Electric Field (SS-GIC) Using 
the Measurements of Table I and Eqs. (1) and (2) 
















































TABLE 2.2 (continued) 
Calculated Induced Electric Field (SS-GIC) Using 
the Measurements of Table I and Eqs. (1) and (2) 
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Figure 2-3: MHD-EMP Induced Electric Field. 
TABLE 2.3  
Measured Induced Electric Field (MHD-EMP) 
During the "Starfish" Test 































TRANSMISSION SYSTEM MODEL 
3.1 INTRODUCTION 
This section describes the transmission system model for the study of geomagnetic 
disturbances. The model is based on a time domain simulation algorithm similar to 
the EMTP. Each power system element is modeled with a set of differential equations 
which are solved in the time domain. For the study of geomagnetic disturbances, two 
power system elements are very important: (1) magnetic core transformers and 
(2) long transmission lines. Specifically, long transmission lines provide the gate 
for geomagnetically induced currents to enter the power system. On the other hand, 
magnetic core transformers reach saturation when geomagnetically induced currents 
flow in their windings and cause most of the undesirable effects. This section 
describes in detail these two models. 
3.2 IRON CORE TRANSFORMERS 
Iron core transformers are highly nonlinear devices due to their saturable iron 
magnetic core. A typical iron core magnetization curve is illustrated in 
Figure 3-1. For practical reasons, power transformers are designed in such a way 
that the maximum operating magnetic flux is near the knee of the magnetization 
curve. During normal operating conditions, the magnetic flux oscillates between 
+A 	and -A 	and the magnetization current is symmetric about the zero axis. 
max 	max 
When a DC current is injected through the transformer winding, this symmetry is 
destroyed. In this case, the transformer may operate past the magnetization curve 
knee for portions of the cycle, requiring a high magnetization current to maintain 
the applied voltage. 
This phenomenon is modeled as follows. Consider a single phase transformer as it is 






















/dt + dA(t)/dt 
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Figure 3-1 : Typical Iron Core Magnetization Curve 
(a) 
(b) 
Figure 3-2 : Single Phase Transformer & equivalent 
Circuit 
(a) Transformer 









(t),v 2u (t) are the voltages in per unit 
i
1u
(t),i 2u (t) are the currents in per unit 
g(•) 	 is the magnetization curve 
i
m
(t) 	 is the magnetization current in per unit. 
Three single phase transformers, appropriately connected (wye-delta, etc.), provide 
the model of a three phase transformer. The equations of the power transformer are 
integrated in the time domain. 
3.3 TRANSMISSION LINE MODEL WITH GIV COUPLING 
The transmission line model used in this study is a time domain state space model 
based on the methodology described in Reference 29. It is capable of representing 
transmission line parameter frequency dependence, line tower grounding, as well as 
effects of geomagnetically induced currents (GIC). 
The model is easily interfaced with other time domain models of power system 
components (such as transformers, loads, and generators). Thus the effect of GIC 
phenomena on the integrated power system can be assessed. 
The transmission line model involves two components: 
(1) Overhead conductors and earth return 
(2) Grounding system. 
Consider the transmission line shown in Figure 3-3. 	The section of overhead 
conductors between any two consecutive towers comprise a "conductor component" while 
each tower with its grounding systems is a component of the grounding system. 
Each component is modeled by an equivalent admittance matrix (which is a function 
of frequency) and equivalent current sources. Then, using nodal analysis, the 
equivalent circuit of the entire transmission line and GIC coupling is formed. 
The resulting model is in the form of a passive circuit of known admittance matrix 
and lumped current sources connected at the line terminals. This model is finally 
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Figure 3-3 : Transmissin Line Section 
(a) Physical Configuration 
(b) Equivalent Circuit 
ax 	
= -Z(w)I(x,w) + V (x,w) 
DV(x,w) 
(3-2) 
The derivation of the conductor and grounding system equivalent circuits are 
presented in the following sections. 
3.3.1 Overhead Conductor Model 
An overhead transmission line conductor section, in the presence of geomagnetically 
induced currents is represented by the equations 
av(xa ,t)  - 	
a 
ai(x t) 
-Ri(x,t) - L ----1---+ v (x,t) , 
t 
ai(x,t) 	 av(x,t)  -Gv(x,t) 	C 
ax 	 at 
(3-1) 
where 
v 	: line voltage with respect to remote earth (v) 
: line current (A) 
R 	: line series resistance (Ohms/meter) 
L 	: line series inductance (Henries/meter) 
G : line shunt conductance (Siemens/meter) 
C 	: line shunt capacitance (Farads/meter) 
vg  : component of voltage due to GIC in the direction of the line 
(See Appendix A for a derivation of Eq. (3-1).) 
Since the line parameters are frequency dependent, the solution of the above 
equation is computed in the frequency domain. The Fourier transform of the above 
equations is 
(volts/meter). 
DI(x,w)  _ -Y(w)V(x,w) 
ax 
where 
Z(w) = R(w) + jwL(w) 
Y(w) = G(w) + jwC(w) . 
(3-3) 
For overhead transmission lines, several simplifications can be made: 
(1) The conductance term is negligible and thus 
Y(w) = jwC(w) . 
(2) For a short line span, Vg  is assumed constant with respect to 
position, thus 
V (x,w) = V (w) . 
(3) The resistance and inductance are computed using the complex depth 
of return method. 
(4) The capacitance matrix is independent of frequency. 
For a multiphase line the voltage due to GIC, V g  appears in series with every 
conductor. Thus it is replaced by the vector of the form 
In order to compute the conductor section equivalent circuit, the current is 
eliminated in the equation system (3-2), (3-3), by differentiating Eq. (3-2) with 
respect to x and substituting current with voltage from Eq. (3--3) 
where 




K(w) = Z(w)Y(w) . 	 (3-5) 
The solution to the above equation (3-4) is obtained using eigenvalue analysis of 
the matrix K. Specifically, the system is decoupled by the transformation 
V'(x,w) = W
1





where D(w) is a diagonal matrix containing the eigenvalues of matrix K, and W(w) the 
eigenvector matrix of K(w). 
Applying transformation (3-7) to Eq. (3-4) yields 
3
2
V 1 (x,w)  
- D(w)V'(x,w) . 
3x
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where A 1, A 2 are constants to be determined by boundary conditions. Specifically, 
V'(o,w) = A
1 




     
V'(R,w) = e
2VD(w)
A1 (w) + e
-VD(w)
A2 (w) . 
 
Solving for A and A 2 yields 
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where 
V' = V'(o,w) = W
-1 
 V(o,w) 
V2 = W(.11,w) = W 1V(i,w) 
and 2, is the line length. 
Thus, Eqs. (3-9) and (3-11) define the voltage at any point of the line given the 
voltages at the line ends. Now, using (3 -2), the current is also computed as a 
function of the terminal voltages yielding 
I(x,w) = Z -1 (w)Vg (w)= Z(w)
-1 3V(x,w)  
x 	• 
Evaluating the above at the line terminals, (x = 0, and x = R.) yields 
r 
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The above can be rewritten in matrix form as follows 
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where H 1 (w) ' H 2
(w) are diagonal matrices of which the diagonal elements are 
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where D.1  is the ith eigenvalue of matrix K(w). 
(3-15) 
(3-16) 
From Eq. (3-14),, an equivalent circuit can be derived representing a multiphase 
transmission line section in the presence of GIC. 	Figure 3-4 illustrates the 
equivalent circuit. 	It consists of a passive circuit whose admittance matrix is 
known and current sources connected at each terminal representing GIC coupling. 
Note that all parameters of the equivalent circuit are frequency dependent. 
Thus the admittance matrix and current source values have to be computed explicitly 
at each frequency of interest. 
3.3.2 Tower Grounding Model  
Each tower and its grounding structure are represented by a step response. It is 
defined as the current flowing into the tower from the neutral wire support point 
when a unit step voltage is applied at the same point. 
The step response of the tower and its grounding system can be determined experi-
mentally [30] or analytically [31,32]. When computed analytically, finite element 
analysis is utilized to solve for the flow of currents in the earth. Then a 
convolution algorithm is utilized to evaluate the tower and ground step response 
[31 ]. 
The tower model has been validated with data obtained by Bonneville Power 
Administration (BPA). The validation of this model is reported in Reference 32. 
The admittance of the tower and grounding system at any given frequency is computed 
from the step response with an appropriate Fourier transform. 
3.3.3 Integrated Model  
The equivalent circuit of the entire transmission line is constructed by combining 
the equivalent circuits of each conductor section and tower grounding systems. 
The procedure is based on nodal analysis method, where all internal node voltages 
and currents are eliminated, and all internal current sources are represented by 
equivalent current sources at the terminals of the line. The resulting equivalent 
circuit has the same topology as the one for a single line section as illustrated in 
Figure 3-4. 
In order to utilize the developed model in time domain simulation, the equivalent 
circuit parameters are transformed into the time domain. Specifically, the 
admittance matrix of the passive part of the equivalent circuit, is transformed to an 
impulse response, and the equivalent current sources (which are also computed as 
functions of frequency) are transformed into time domain waveforms. A discrete 
Fourier transform method is used for this purpose. 
The Snelson transformation is applied before Fourier transformation to minimize 
resulting time domain waveform durations (see Reference 33). Specifically, the 
voltage and current variables are replaced by B and F as follows 





B(w) = V(w) - G
-1
I(w) 
where G is a real nxn matrix (n = number of conductors), and 
Figure 3-4 : Equivalent Circuit of a Transmission Line Section 
with GIC Coupling 
V 1 (w) 	 I 1
(w) 
V (w = 	, 	(w) = V
2 ( w ) I 2 (w) 
Applying the above transformation to Eq. (3-14) yields 
-1 
Z 	(w)V (w) 
2 G(F(w)-B(0) 	__T  - _g_ - + Y(0)(Fm+B(w)) . 
Z (w)v (w) 
Solving for B(w) yields 




M(w) = (G(w) +Y(w )) -1 ( G (w) -Y(w))F(w ) 
Z(w)V (w) 
A (w) = - 2(Y(w)+G(0))) 1 	g -1 
Z 	(w)V (w) 
g 
The matrix M(w) and the vector A (w) are next transformed into time domain functions 
g 
using the FFT algorithm 
m(t) ={M(w)} 
r 
ag  (t) = F
-1 
 tA (3-20) 
The function matrices m(t) and a (t) comprise a time domain model of the entire 
transmission line with GIC coupling. Specifically, m(t) contains the impulse 
response of the transmission line (based on Snelson's transformation) and the 
functions a (t) represent the GIC effects. These functions are utilized in a 
convolution based algorithm, in order to simulate the operation of transmission 
lines with GIC coupling in the integrated power system. This algorithm is described 
in the following section. 
3.3.4 Convolution Algorithm  
The transmission line model is cast into the resistive companion form via a discrete 
convolution scheme. This technique allows the model to be interfaced with models of 
other power system components, thus forming a model of an integrated power system. 
(This is the standard methodology followed by several time domain simulation 
programs such as the EMTP and the PSTS programs.) Specifically, the model of a 
transmission line with GIC coupling is represented by the equivalent circuit shown 





Figure 3-5 : Model of Transmission with GIC Coupling 
in the Resistive Companion Form 
current injections on each conductor at the ends of the line. 	The following 
equation holds for these voltages and currents: 




where Y is the transmission line characteristic admittance matrix, b is the vector 
of currents depending on past history voltages and currents, and bg  is the vector of 
currents representing GIC effects. The above equation can be solved by discrete 
time techniques in terms of the impulse response model defined in the previous 
section. Specifically, let v n and in represent the values of the voltage and 
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(3-22) 
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where Si represents the transmission line step respone (at the ith time interval), 
i.e. it is the integral of the impulse response m(t), performed in discrete time. 
The above equation (3-22) is a resistive companion form representation of a 
transmission line with GIC coupling. 	Specifically, the real matrix Y is the 
admittance matrix of a resistive network (block Y in Figure 3-5). The vector b n_ l 
 represents the past history dependent current sources. The entries of the current 
source vector bn-1 are computed by discrete convolution as shown in Eq. (3-22). The 
vector b_ are the independent current sources (bg  in Figure 3-5), representing the 
n 
effects of GIC. 
Using these equations, a transmission line with GIC coupling and its interaction 
with the integrated power system is simulated using the standard methodology for 
power system transient simulation employed by the EMTP and PSTS programs. 
Section 4 
INVESTIGATION OF GEOMAGNETICALLY INDUCED 
EFFECTS ON POWER SYSTEMS 
4.1 INTRODUCTION 
This section describes the application of the power transmission system model, for 
the study of geomagnetic disturbances. A test system is selected consisting of a 
500 kV transmission line terminated by delta-wye connected transformers at both 
ends. The response of this system under geomagnetically induced voltages (GIV) is 
investigated. Specifically, a parametric analysis of the system steady state and 
transient response to GIV is performed. The effects of GIv level, duration, and 
transmission system parameters are examined. Finally, the design GIV waveforms 
corresponding to MHD-EMP and SS are applied to the test system and the resulting 
system responses are compared. 
4.2 DESCRIPTION OF THE TEST SYSTEM 
The test system is a simplification of the Minnesota Power Company 500 kV line 
between Dorsey and Minneapolis. Specifically it consists of a 500 kV transmission 
line, terminated by three phase transformer banks at both ends. Figure 4-1 
illustrates a single line diagram of the test system. 
The transmission line data are listed in Table 4-1. During normal operation, the 
sky wires are not electrically connected to the transmission line towers. Tower 
configuration data specifies the location of the center of each phase bundle and 
each sky wire with respect to a Cartesian coordinate system with its origin located 
at the center of the tower base. 
Each of the three phase transformer banks consists of three single phase 
transformers connected DELTA/GROUNDED Y. The grounded Y side is connected on the 
500 kV transmission line (see Figure 4-1). The characteristics of each single phase 
transformer are as follows: 
Voltage 	 115/288 kV 
Power Rating 	 350 MVA 
Leakage Reactance 	 0.10 pu 
Magnetizing Current 0.01 pu 





Tower Footing Resistance 
473 miles 





Transmission Line Data 
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TOWER CONFIGURATION DATA 
Conductor x - coordinate 
(feet) 
y - coordinate 
(feet) 
Phase A -32.0 97.5 
Phase B 0.0 97.5 
Phase C 32.0 97.5 
Sky Wire 1 -35.0 129.5 
Sky Wire 2 35.0 129.5 












Figure 4-1 :Test System 
a) Single Line Diagram 
b) Three Phase Diagram 
Transformer saturation is modeled as described in Section 3.2. The transformer core 
magnetization characteristics are described by a piecewise-linear function which is 
tabulated in Table 4-2. (The same data are plotted in Figure 3-1.) 
The response of the described system is computed assuming a geomagnetically induced 
voltage (GIV) of step function waveform. Three cases are simulated with different 
GIV levels as follows: 
1. 1.0 volts per mile 
2. 10.0 volts per mile 
3. 100.0 volts per mile. 
The effects of GIV to the test system are assessed as follows: First, the steady 
state direct current through the transformer is computed for the above GIV levels 
and various values of line parameters. Next, the transient response of the trans-
former excitation current is computed for the above GIV levels to determine the time 
constants involved to reach saturation. Finally, the design GIV waveform from 
MHD-EMP and solar storms are applied to the test system to determine the relative 
effects. The results of this study are described in the following sections. 
4.3 COMPUTATION OF STEADY STATE RESPONSE 
This section presents the computation of the steady state response of the test 
system under GIC excitation. In order to gain insight in the system parameters that 
determine the system behavior under GIC excitation, a simple approach is used first. 
Specifically, an equivalent DC model of the system is constructed. Using, this 
simple model, the magnitude and distribution of geomagnetically induced currents are 
evaluated. 
The DC model of the test system is constructed by considering only the resistances 
of each system component. Specifically, an equivalent circuit is constructed 
containing the DC models of the transformers, transmission line, grounding system, 
and geomagnetic voltage. This circuit is illustrated in Figure 4-2. The equivalent 
circuits of each component are described next. 
The transformers are represented by their winding resistances. Specifically, the 
windings of the Y connected (high voltage) side of the transformer exhibit three 
parallel paths to the flow of the electric current injected at the transformer 
neutral. Assuming that the windings are identical, the equivalent resistance is 1/3 
of the winding resistance of each high voltage winding. 
Table 4-2 
Transformer Magnetization Characteristics 
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Figure 4-2 : DC Equivalent Circuit of Test System 
The transmission line is represented by a DC equivalent circuit. Each of the phase 
wires is represented by a resistance equal to the total DC resistance of the phase 
conductor. 
The neutral wire is represented by its DC resistance. The neutral wire may or may 
not be multiply grounded. Figure 4-2 illustrates the tower footing grounding which 
is represented by its DC resistance. 
The substation grounds at each line end are represented by 1 Ohm resistances, 
connected from the transformer Y side neutral to remote earth. 
Finally, the equivalent circuit of the earth containing the geomagnetically induced 
voltage is represented by a series of Thevenin equivalent circuits connected between 
consecutive tower grounds and substation grounds. Thus, for each line segment, a 
separate Thevenin equivalent of the earth is used. Each Thevenin equivalent 
consists of a voltage source representing the geomagnetically induced voltage, and a 
resistor representing the earth path resistance. The earth path resistance is 
highly dependent on frequency. The earth path resistance computed at 0.6 Hz was 
used. 
The above model was employed to study the effects of multiply grounded ground wires 
on the steady state direct current through the transformer winding. The following 
values were used for the parametric study: 
GIV 	 1 Volt/mile 
Earth path resistance 	 0.001 Ohm/mile 
Tower footing resistance 	 5, 30, 100, & infinite Ohms 
Tower spacing 	 0.25 mile 
Equivalent phase conductor resistance 	 0.00889 Ohms/mile 
Ground conductor resistance 	 4.435 & 1.240 Ohms/mile 
Total line length 	 473 miles 
The results of the parametric study are illustrated in Figure 4-3. The figure is 
self explanatory. Note that there is a substantial effect of the line grounding 
parameters on the steady state value of the direct current through the transformer. 
A well grounded transmission line will mitigate the DC current through the 





















Ground Wire Resistance 
4.435 Ohms/mile 
1.240 Ohms/mile 
Tower Footing Resistance (Ohms) 
Figure 4-3 : Steady State Direct Current through 
Transformer Winding 
4.4 COMPUTATION OF TIME CONSTANTS TO SATURATION 
The described model of the test system was simulated in the time domain to determine 
the time constants involved to reach steady state operation. Specifically, the time 
constants were defined as the time required to reach 63% of its steady state value. 
Figure 4-4 illustrates a typical simulation and the definition of the time constant. 
The figure also illustrates the parameters of the simulation as well. 
The time constants were computed for various parameters as follows: 
GIV 
Earth Path Resistance 
Tower Footing Resistance 
Tower Spacing 
Equivalent Phase Conductor Resistance 
Ground Conductor Resistance 
Total Line Length 
1, 10, 100 Volts/mile 
0.001 ohms/mile 
5, 30, 100 infinite ohms 
0.25 miles 
0.00889 ohms/mile 
4.435 & 1.240 ohms/mile 
473 miles 
The results of the parametric study.are illustrated in Table 4-3. Note the wide 
variation of time constants (145 seconds to 2.3 seconds). System parameters 
drastically affect time constants. 
4.5 COMPARISON OF SATURATION LEVELS DUE TO MHD-EMP AND SS-GIC 
An important test which determines the relative effects of MHD-EMP and SS-GIC on 
power systems is the level of saturation reached due to typical values of GIV from 
MHD-EMP or SS. For this test the following two comparable strength MHD-EMP and 
SS-GIV will be assumed: 
Case 1. 	The geomagnetically induced voltage due to MHD•EMP has a time 
variation as in Figure 2-3 and a peak value of 100 volts/mile. 
The geomagnetically induced voltage due to a solar storm is 
practically DC and has a maximum value of 10 volts/mile. 
Case 2. 	Same as in Case 1 except that the peak values are 10 and 
1 volt(s)/mile, respectively. 
The maximum levels of saturation were computed for the following range of 
parameters. 
Tower footing resistance 
Tower spacing 
Equivalent phase conductor resistance 
Ground conductor resistance 
Total line length 
5, 30, 100 & infinite ohms 
0.25 mile 
0.00889 ohms/mile 
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Figure 4-4. Typical Results of the Time Domain Simulation of the 
Test System. 
Table 4-3: Test System Time Constant to Saturation * (in seconds) 
Versus GIV Level, Tower Footing Resistance (Rt), 
and Ground Wire Resistance (R g ) 
• 
G.I.V. 
1 V 	/ mile 10 V 	/ mile 100 V 	I mile 
R9 
4.435 1.24 4.435 1.24 4.435 1.24 
Rt \ 
5 120 145 13.0 16.0 2.8 3.1 
30 98 109 11.2 12.5 2.5 2.6 
100 93 96 10.6 11.4 2.4 2.5 
inf 85 85 10.0 10.0 2.3 2.3 
Time Constant to Saturation is defined as the time required 
for the transformer magnetization current to reach 63.2% 
of its steady state value. 
The results are illustrated in Tables 4-4 and 4-5. Note, that for Case 2, even if the MHD-EMP-GIV is ten times 
higher than SS-GIV, the maximum saturation level is comparable. For Case 1, the saturation level is much higher 
for MHD-EMP excitation. The implication of these results are as follows: 
Heating: Transformer thermal time constants are on the order of hours [33]. Specifically, Reference 33 reports 
on measured thermal time constants of a distribution transformer. The time constants have been measured by 
applying step loads on the transformer. Figure 4-5 is reproduced from Reference 33. It clearly illustrates the 
relatively long thermal time constants. Thus, thermal heating is probably not a major consideration for GIV 
excitation due to MHD-EMP because of its relatively short duration of high DC offset flux. On the other hand, 
heating may be a major consideration for GIV excitation due to solar storms. As a matter of fact, simulations 
show that saturation in this case lasts several hours. In this case, heating becomes a major consideration. 
Loss of Equipment: Due to GIV excitation (SS or MHD-EMP), transformers become generators of harmonics 
and absorbers of reactive power. Protective relaying, sensing this situation, may trip the transformer. In this 
case, irrespective of the duration of the GIV excitation, loss of equipment will occur with possibly major 
consequences such as the Hydro-Quebec blackout. 
4.6 CONCLUSIONS 
A comprehensive model for studying the effects of geomagnetically induced voltages on power systems has been 
developed. The model has been used to study the time constants involved in reaching transformer saturation due 
to GIV and the saturation level versus system parameters. 
The most important parameters determining the effects of GIV on power systems are: 
1. Level of GIV 
2. Duration of GIV 
3. Tower grounding impedance 
4. Ground wire resistance. 
Comparative studies of MHD-EMP-GIV and SS-GIV indicate that (1) for low values of GIV, an MHD-EMP level 
of 10 times the SS-GIV will cause comparable effects, and (2) for high values of GIV, the short duration of the 
MHD-EMP mitigates the results only marginally. Since transformer thermal constants are much larger than the 
duration of MHD-EMP, the general conclusion is that the thermal effects due to MHD-EMP induced voltages on 
power systems are less severe than those due to solar storm GIV. 
Table 4-4: Maximum DC Offset Magnetic Flux (in pu) 
in Transformer Core 
Case 1 
SS-GIV = 1V/mile MHD-EMP-GIV = 10V/mi 
...'•...„... 	R9 ,%, 
Rt 	--•-„ 4.435 1.25 4.435 1.25 
5  0.129 0.128 0.142 0.136 
30 0.130 0.129 0.143 0.140 
100 0.130 0.130 0.144 0.143 
inf 0.130 0.130 0.146 0.146 
Table 4-5: Maximum DC Offset Magnetic Flux (in pu) 
in Transformer Core 
Case 2 
SS-GIV = 10V/mile MHD-E.MP-GIV:=100V/mi 
	
.*•- 	R9 ,_ 
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Figure 4-5. Simulated and Measured Top Oil Temperature Rise 
(Reproduced from Reference 33) 
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Appendix A 
DERIVATION OF TRANSMISSION LINE EQUATIONS 
IN THE PRESENCE OF GIC 
Consider an infinitesimal segment of overhead conductor Ax. It is characterized by 
an inductance, L' = LAx, resistance, R' = RAx, and shunt capacitance, C' = CAx. 
Assuming that EMP/GIC related electromagnetic fields are slowly varying their direct 
effect on the line is negligible. However, a substantial voltage can develop along 
the line direction on the earth surface, due to GIC. Assume that the earth 
GIC is V •e x. 	The potential difference across the line length, Ax, due to 
equivalent circuit of the line segment is shown in Figure A-1. 
v2 - v 1 
= -R'i 2 
- L' 
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- i 1 = 	

























taking limit as 
Ax + 0 
A 





 = v 









Dv 	 di 77-c = -Ri - L Tt- + vg  
aX=
ai , dv 
-Gv - C . 
where: 
v = v(x,t) : 






voltage of point on transmission line located at distance x from 
line end, with respect to remote earth voltage 
current at point of transmission line located at distance x from 
line end 
line series resistance per unit of length 
line series inductance per unit of length 
line shunt capacitance per unit of length 
line shunt conductance per unit of length 
geomagnetically induced earth surface voltage component along 
the direction of the line, per unit of length 
L' 
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Figure A-1 : Equivalent Circuit of Short Line Segment 
in the Presence of Geomagrieticaly 
Induced Voltage on the Earth Surface. 
